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SUMMARY
Simulations are carried out on the steady state operations of the turbocharged 
L10 engine, and of L10 DCE —  both w ith variable and fixed nozzle turbine 
respectively. In all these simulations, emphasis is placed on the effects of changing 
ambient conditions on system performance, and the operations of different systems 
are compared. In the study of the DCE system, special attention has paid to its 
performance optimisation for various control variables. An investigation is also 
carried out into the gearbox losses of the DCE, which is based on the laboratory 
proto-type Leyland 520 DCE. Further, the Leyland 520 DCE is simulated with 
emphasis on the effects of gearbox losses and pressure losses in pipes, on system 
performance, and the results are compared with those obtained from experiments.
The following represents major original input by the author to the programs 
described in the thesis:
1 System atic optimising feature of the program DCE-VG.
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1.1 General Requirements fo r  Engine-Transmission  
System s for  Heavy Goods Vehicles
Engines for heavy goods vehicles are almost exclusively diesels, at least in 
Europe. Like all vehicle engines, they are required to work under wide speed and 
load conditions. Compared with other types, such as stationary power plant and 
marine propulsion, more stringent requirements have to be met for the du ty  they 
perform. The following are the most important aspects which should be considered.
a)H igh Specific Power Effective transportation can only be achieved 
with sufficient power. However, for a heavy goods vehicle, like those for any other 
purpose, high power should be developed with minimum bulk and weight of the 
system. Obviously smaller weight means more available power for transporting 
goods, hence greater payload.
Essentially, to this end, the thermodynamic performance of the engine has to 
be maximized. Besides, it is very im portant that the various components of the 
system be carefully designed and hence optimum structure be obtained, reliability 
being assured with minimum materials.
The power of an engine is determined by its torque and the speed at which it 
works. An engine with higher torque and speed will produce more power. 
Conventionally, engine power is expressed by its brake mean effective 
pressure(BMEP), which is defined as the work done per unit swept volume per 
cycle, therfore:
po wer=V s.BMEP.n/i 




Clearly, for a specific type of engineCtwo-stroke or four-stroke) of a specific 
design(fixed swept volume), its output can be increased by either raising its BMEP 
or its speed. However, the extent to which the engine speed can be increased is 
comparatively limited. Usually the friction loss between the moving components 
increases rapidly with speed. Also, because of high air flow velocity, the volumetric 
efficiency of the engine w ill deteriorate and pressure losses along the flow path will 
increase. Further, at very high speeds a cycle is completed in a very short time. 
Therefore it w ill be difficult to achieve effective injection and mixing of fuel with 
air, which will in turn degrade the effectiveness of the engine cycle. This applies 
particularly to the small high speed D.I. automotive engine.
Another way to increase the power density of an engine is to increase its 
BMEP. In fact, much of recent development work has concentrated on this aspect, 
by the application of supercharging and particularly turbocharging. Fig-1.1 shows 
the increases in BMEP, accompanied by decreasing specific weight and fuel 
consumption, for truck engines during the last two decades and a projection for the 
next few coming years[4].
Since the output of an engine is directly related to the fuel burnt(under 
normal working condition), and thus to the amount of air charge which can be 
trapped in the cylinder, it can readily be seen that high specific power can only be 
obtained by raising the density of the air charge in the cylinder.
Basically, there are two types of supercharging: straight mechanical 
supercharging and turbocharging. In the first case a blower is driven directly by the 
engine crankshaft through a gear(Fig-1.2). This means that the compressor power 
w ill be provided directly by the engine crankshaft, which will reduce the effective 
output of the system and hence may not be economical. Further the incorporation of 
the high ratio gear makes the system potentially less reliable. Nevertheless, 
mechanical supercharging can take advantages, particularly in terms of good 
transient response and torque backup. It is being seriously considered for small high 
speed automotive engines. The alternative is a turbocharger, which consists of a 
turbine and compressor usually mounted on a single shaft. The exhaust gas from 
the engine is further expanded through the turbine, hence generating a certain 
amount of power. The turbine in turn drives the compressor which compresses and 
delivers the air to the engine. Because much of the otherwise wasted exhaust energy 
is recovered, the system will work more efficiently than a mechanically 
supercharged or naturally aspirated engine. Actually, under certain operating
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condition the engine inlet pressure exceeds the back pressure, providing additional 
positive pumping work as well as improved scavenging.
Application of charge cooling can further increase the density of the charge air 
thereby increasing BMEP. In turbocharging w ithout charge cooling, although the 
density of the air can be increased, the temperature of the air will increase at the 
same time. This w ill offset, to some extent, the increase in air density. Fig-1.3 
shows the diagram of a turbocharged intercooled engine system. For highly rated 
engine, the temperature increase of the air w ill be higher due to the higher boost 
ratio. This makes charge cooling more attractive and cost effective.
b)Good Fuel Economy Due to rising oil prices, fuel economy has become 
an even more important feature of transport costs. Further, it has been realised that 
the supply of oil is diminishing. This makes the problem more acute. Recently more 
and more attention has been focused on improving the fuel economy of power 
plants, no m atter of w hat kind. The engine is the heart of the vehicle, and every 
effort should be made to make it work efficiently. However, it should be realised 
tha t no dramatic breakthrough can be achieved on the basis of the present thermal 
cycle. Nevertheless, there is still room for refinement. For example, appropriately 
designed and matched inlet and exhaust systems can reduce the flow losses in these 
parts; better combustion systems can help the mixing of air and fuel to obtain 
effective burning; reduction in friction between the moving parts can reach the same 
goal, etc. Interest has also centred on trying to recover the heat loss to coolant, e.g. 
adiabatic compounding.
It should be noted that, because of the wide operating range of vehicle engines, 
their high efficiency area should also be wide.
c)Good Torque B ackup!2,5]  For a vehicle engine, good torque backup is 
essential, i.e. its maximum torque should lie at the lowest possible engine speed, 
preferably at approximately half the rated speed. The vehicle will benefit from 
high torque at low speeds to provide a margin for acceleration and to allow the 
vehicle to lug up very steep hills with a limited number of ratios in the gearbox. 
Fig-1.4 shows the ability of a truck to climb hills if constant power is available 
over the whole speed range. Superimposed is the vehicle’s hill-climbing ability in 
each gear ratio(five speed ratio) when a typical engine is fitted. The shaded portions 
represent running conditions falling below the maximum power output of the 
engine which are not achievable in practice because the engine cannot develop 
sufficient torque at these speeds. If the torque backup of the system is improved.
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these area can be reduced. Fig-1.5 compares three combinations of engine torque 
backup and gearbox. Line A is an ideal constant power line while B is derived from 
A after the transmission loss is deducted. With a torque backup of 5% and a five- 
speed gearbox(Fig-1.5a), the difference between the engine operating line and the 
ideal constant power line is quite significant and the dynamic performance of the 
system will be very poor. If a ten-speed gear box is used with the same torque 
backup(Fig-1.5b), this difference can be reduced, but the gain in performance is at 
the cost of frequent shift of gearbox setting. However, if the torque backup is raised 
to a value of 26%, then even with a five-speed gearbox, the loss of power relative to 
the ideal is substantially reduced, therefore the performance is greatly 
improved(Fig-1.5c). Ideally if the engine itself can work with its maximum power 
over a wide speed range, then its torque will rise all the way as its speed is 
decreased. Consequently, no gearbox at all is necessary for assisting in climbing 
hills.
d)Good Transient Response / 6 ,7 /  Vehicle engines are subjected to 
frequent speed changes, therefore their transient characteristics are very important. 
Problems arise on sudden increase in fuelling under acceleration or load application. 
If sufficient air is always available, a proper fuel/air mixture will be obtained and 
thus power will be developed quickly and the desired operating condition can be 
reached in a short time. However, if the air is insufficient, the result will be a poor 
response because the fuelling may have to be restricted to ensure that the air/fuel 
ratio is always above the critical value. Otherwise, the smoke level will be 
increased. Usually the response of turbocharged engines will be poorer than that of 
naturally  aspirated engines, since the turbocharger has to be accelerated first to 
increase the air supply. Particularly, when accelerating the vehicle under load, the 
lag of the turbocharger w ill be more severe. In order to reduce smoke, it is usually 
necessary to supply the fuel in a controlled manner, w ith a smoke limiter, but at 
the expense of slower response.
Additional energy can be supplied to help accelerate the turbocharger. One 
method is to use a store of compressed air. During transient operation, the air may 
be injected to the compressor impeller. This can assist the acceleration of the 
turbocharger and provide more air as well. A Pelton wheel turbine may be fitted to 
the shaft of a turbocharger, operated by high pressure lubricating oil, to accelerate 
turbocharger under transient operatins. Better transient characteristics can be 
obtained through the Comprex supercharging system and through variable geometry 
turbocharging.
-4-
e)Acceptable Em ission C haracteristics/ 3]  With naturally aspirated 
engines, the smoke limit is in fact a determining factor for the power output that 
can be developed. These limits rarely arise when certifying turbocharged engines for 
rated output, but smoke problems can arise w ith fu ll throttle running at lower 
engine speeds. This demands that the smoke limiter be adjusted correctly. The same 
applies to transient operation when the engine is accelerating.
Compared with petrol engines, the diesel engine has a low level of unburnt 
hydrocarbon(HC) and carbon monoxide(CO). Nitrogen oxides(NOx) are at similar 
levels and need to be specially treated. Because NOx is produced at high 
temperature, the measure will be to reduce the maximum cylinder temperature. 
However, the resultant decrease in temperature may lead to more unbernt HC.
The engine is usually the main source of the noise from the vehicle, at least at 
lower speeds. The noise can be reduced by control of the rate of heat release of the 
engine cycle, i.e. reducing the pre-mixed burning, and by proper design of 
mechanical parts.
Since the 1970s, more attention has been paid to the environmental effects of 
vehicles, followed by a series of regulations. Fig-1.6 shows legal noise limits, as 
imposed by the EEC for heavy truck. It can be seen that the requirements have 
become more and more stringent.
f)R eliab ility
g)Acceptable F irs t Cost
The importance of these last two items is apparent. However, it should be 
noted that these requirements are usually interconnected and, very often, measures 
to improve different aspects of the system may conflict w ith each other and the final 
solution can only be a compromise.
1.2 Basic Turbocharging System s[ 1,2,8]
The initial purpose of turbocharging is to improve the engine breathing 
capacity thus increasing power density. A conventionally turbocharged engine 
system consists of an engine, a compressor and a turbine. The latter two are usually 
mounted on the same shaft to form a turbocharger. The structure of the system has 
been shown in Fig-1.3. In vehicle applications the compressor is usually of the 
centrifugal type while the turbine of the radial inflow type.
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The engines in heavy transport application are predominantly four-stroke 
type. They are positive displacement machines, therefore the mass flow rate is 
highly dependent on the speed. Fig-1.7 shows the flow characteristics of such an 
engine. It can be seen that the mass flow capacity varies proportionally with its 
speed.
Conventionally, the compressor characteristics are presented in terms of 
pressure ratio against mass flow parameter( M  4 t  IP  ) for lines of constant speed 
parameter( N  /-Jt  ). In addition, contours of constant isentropic efficiency are 
superimposed, Fig-1.8. It can be seen from this figure that there are essentially three 
areas on a compressor map. The central area is the stable operating zone. This area is 
separated from the unstable area on its left by the surge line. Surge is a flow 
instability which happens when the mass flow rate is reduced while maintaining a 
constant pressure ratio, a point arising where flow reversal occurs. To the right of 
this area is the choking region where due to very high air velocities, the mass flow 
reaches its maximum value.
It can also be seen that due to the surge and choking phenomana. the usable 
flow range of the compressor at a specific pressure ratio is rather narrow, 
particularly at higher pressure ratios. The high efficiency area lies near the surge 
line. It can also be seen that the pressure ratio increases rapidly with speed under 
stable operating conditions.
The characteristics of a radial inflow turbine can be expressed in a similar 
way to the compressor map, Fig-1.9. Alternatively it is very often plotted in two 
separate maps, one in which the mass flow parameter( M  "Jt  IP  ) is plotted on a 
base of dimensionless speed w ith turbine pressure ratio as parameter, and the other 
in which the dimensionless torque is plotted on a base of speed again with pressure 
ratio as the parameter and with superimposed contours of constant turbine 
efficiency lines. It can be observed that the turbine pressure ratio(power) increases 
sharply with increase in mass flow(e.g. at a constant speed).
It can be seen that there is a great difference between the characteristics of the 
compressor and turbine, and the flow characteristics of the engine; this makes the 
matching of the system very demanding.
Over the last tw enty years or so, turbocharging technology has experienced 
rapid developments. In addition to higher power density, other benefits are obtained 
from turbocharging, i.e. a)improved specific fuel comsumption, b)improved
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emission characteristics and c)better torque backup.
Although the performance of a turbocharged engine is improved, to a great 
extent, over the naturally aspirated type, limitations still exist. As stated earlier, 
for vehicle engines, torque backup is very important. Therefore, it will be beneficial 
to increase the trapped air charge at low engine speeds so that more fuel can be 
burnt. This implies that the boost ratio at low speed should be higher, demanding 
more power from the turbine. However, due to its flow characteristics, the turbine 
power actually diminishes with decreasing engine speed. To obtain the required 
torque backup, a compromise has to be made. i.e. the fuelling at high speeds is 
reduced w ith resultant lower rated power than potentially obtainable. This results 
from the difficulty in matching the engine and turbocharger.
From a turbine map it can be seen that the turbine pressure ratio(power) 
increases rapidly with its mass flow rate. The reason for this is that for a specific 
turbine, when mass flow increases, the relative restriction to it increases thus 
inducing higher pressure difference across the turbine. However, due to the positive 
displacement flow characteristics of the engine, mass flow reduces at low speed. This 
means the relative restriction to the flow is reduced, making it impossible to set up 
sufficient pressure across the turbine. This is illustrated in Fig-1.10, which shows 
the available exhaust energy and required compressor power to provide a constant 
delivery pressure ratio (boost density ratio) of 2:1. It can be seen that this 
characteristic is just opposite to what is ideally required.
Due to the problem previously discussed, it is usually very difficult to obtain 
a good match of turbocharger and engine. It is equally difficult to further uprate an 
engine on the basis of conventional turbocharging system. The narrow flow range of 
the compressor at high pressure ratio compounds the problem even further.
1.3 A lternative System s
The demand for higher power and better performance is still increasing. In 
recent developments, in addition to the effort to improve the performance of the 
conventional system, researches on alternative systems have also intensified. A 
variety of proposed schemes with differing initial aims, has emerged and a wide 
research has been carried out, with varying degrees of success. In the following 
some representative systems are reviewed.
a) Tuned (Re sonant) In take  Sy s tem f 9,10,11J The tuned intake system
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is pioneered by Cser, in which the intake manifolds are tuned so that at low engine 
speeds, the occurrence of a maximum possible pressure in it coincides w ith inlet 
valve closing thus assisting the intake process and allowing more air to be trapped. 
Fig-1.11 shows the schematic layout of the system. Fig-1.12 shows that at an 
engine speed of 1220rpm, the inlet manifold pressure reaches its maximum value 
near the inlet valve closing. Because more air is delivered to the cylinder, more fuel 
can be burnt, thus increasing the torque. This w ill mitigate the problem of 
insufficient boost at low engine speed inherently associated with pure turbocharging 
and a better torque backup can be achieved. However, as also shown in Fig-1.12, 
the advantage of the system diminishes and the pressure variation in the inlet 
manifold becomes more and more unfavourable w ith increasing engine speed. At 
2400rpm the instantaneous inlet manifold pressure at the moment of inlet valve 
closing reaches a low value, the intake process being impaired. This can be seen in 
Fig-1.13. At lower speeds, the volumetric efficiency is improved over a 
conventionally turbocharged engine while at higher speeds it deteriorates. This will 
partially counteract the normal rise in boost pressure w ith engine speed, w ith the 
effect of preventing overboosting and also reducing the width of the operating air 
flow range on the compressor map. A disadvantage of the system is the increased 
pumping work during the gas exchange process, a t least at low load, leading to 
increasd fuel consumption.
When first introduced, the resonant intake system appeared bulky. However, 
considerable refinement has been achieved. It has now been used in a number of 
turbocharged European and Japanese truck engines. For example. Hino uses a 
control valve to minimise the effect of the system on pumping work at low load. 
Fig-1.14 shows the improvement in engine performance and the mechanism 
employed.
b) Variable Geometry Turbochargingf 12,13,14] The potential of
variable geometry turbocharging has been explored for a long time. The idea arose 
from  the difficulty in matching a turbocharger(especially turbine) to a reciprocating 
vehicle engine. However, with a VG turbine, the effective flow area of the turbine 
can be varied so that optimum boost can be maintained over a wide speed and load 
range. By reducing the flow area w ith decreasing speeds, low speed boost and torque 
can be improved. Further, engine overboosting and turbocharger overspeeding can be 
prevented by increasing the turbine flow area at higher speed. It can also be deduced 
that, w ith a variable geometry turbine, fuelling at higher speeds can be increased 
due to the available ample air supply, increasing the power output. By proper
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design considerations(e.g. maximum cylinder pressure), highly rated power units 
can be achieved through VG turbocharging, which can be considered to be a very 
effective approach up to a BMEP of 18bar. A very important advantage of VG 
turbocharging is that improved transient response can be achieved by properly 
scheduling the device.
However, in practice, the variable units have to work at very high 
temperatures. It is rather difficult to ensure reliable operation. Also, in order to 
take fu ll advantage of the system, suitable control systems are required. This will 
increase complexity. Inevitably, the cost will be higher.
Fig-1.15a shows the optimised flow area schedule, at the turbine inlet, for a 
variable geometry turbocharged engine. In order to achieve this, a very sophisticated 
electronic control system becomes a necessity. As can be seen in Fig-1.15b, a control 
system w ith microcomputer is inplemented for this purpose. Fig-1.16 shows the 
baseline performance and the fu lly  optimised VG turbocharged performance of the 
engine system. It can be seen that the entire power envelope has been expanded, 
with the same limiting conditions(e.g. maximum cylinder pressure). On the 
limiting torque curve, a substantial gain in peak torque from 1020 to 1160Nm at 
1300rpm has been achieved, i.e. 13.72%. Further, fuel economy has been 
substantially improved(the area encompassed by the contour of 210g/h.kw 
substantially increased), except for the best fuel consumption due to use of a single 
entry, as opposed to a tw in entry turbine.
A variable geometry turbine only will usually suffice for moderate uprating. 
However, for very high ratings, a variable geometry compressor may also be 
required to expand the mass flow range especially at high pressure ratio. This can be 
achieved w ith inlet guide vanes or variable diffuser vanes[l5,16,17].
c) Comprex Super ch arg ing f 18,19 J The Comprex is a gasdynamic device 
which uses the energy of the exhaust gas to compress the air in a way 
foundamentally different from that of a turbocharger. Fig-1.17 shows the basic 
structure of the device.
The basic operation of this system can be briefly described as follows. As the 
wheel rotates, there w ill be repetitions of the following events in sequence when the 
axial passages on the wheel periphery move past the relevant ports(see the figure) in 
turn: the pressure waves propagating from the exhaust manifold into the passages 
compress the existing air which is subsequently delivered into the inlet manifold(at
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a pressure similar to tha t in the exhaust manifold) while the expansion waves 
propagating out of the passages when the low pressure gas is discharging help the 
admission of ambient air into the passages.
One advantage of Comprex over turbocharging is the fact that its operation is 
v irtually  independent of engine speed because the compression of charge air is by 
virtue of pressure wave effects. Therefore low speed torque, which is always critical 
in turbocharged engines, can be achieved with the Comprex system. Further, due to 
the absence of inertia in the system, transient response can be drastically improved.
Fig-1.18 compares the performance on the limiting torque curve, of a truck 
engine when turbocharged and supercharged by the Comprex system. Greatly 
superior performance is shown by the latter over the former, particularly at low 
speed region. Fig-1.19 shows the comparison of the transient response of the same 
engine, i.e. on-load acceleration. With Comprex, the boost pressure increases almost 
instantaneously, which is also reflected in the variation of BMEP and engine speed, 
etc.
The disadvantage of Comprex is its space requirement and complex 
installation. It is more expensive to produce. Nevertheless, it has been under 
continuous development and refinement.
d ) Two-stage Turbochar g in g f 20,21 J Two-stage turbocharging has been
considered as a means of substantially increasing the power density of an engine. 
Two turbines and compressors are used in series; thus higher pressure ratio can be 
obtained. Fig-1.20 shows the layout of such a system with intercooling and 
aftercooling. Usually the match is a combination of a high pressure ratio, narrow 
flow range and a low pressure ratio, wide flow range compressor. The interaction 
between the two enables high pressure air to be delivered over the entire engine 
speed range, particularly at low speed while compressor surge is avoided. Fig-1.21 
shows the engine operating lines superimposed on the LP and HP compressor maps. 
Clearly the HP compressor pressure ratio varies in a very narrow range with engine 
speed for a particular load. Fig-1.22 shows the performance of the system, very 
high rating being achieved.
The major advantage of two-stage turbocharging is that two turbochargers of 
normal pressure ratio and efficiency can be used. Therefore it is a relatively easy 
and proven method of achieving very high ratings from conventional vehicle 
engines. However, because it uses an additional turbocharger, the cost w ill be high.
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Also, it will be bulkier and the installation w ill be more complex. Therefore its 
application can only be justified for very high ratings w ith BMEP over about 18bar.
e ) Hyperbar 121,22] The Hyperbar system is designed for very high 
output schemes, and is shown schematically in Fig-1.23. Because of the 
incorporation of a bypass and an auxiliary combustion chamber between the 
compressor and the turbine, the turbocharger w ill be able to work independently of 
the engine. The operation of the auxiliary combustion chamber provides additional 
energy to the turbine when necessary, therefore high pressure ratio can be easily 
obtained as required. Obviously, the problem of insufficient boost at low speeds 
associated w ith conventional turbocharging is avoided. Further, the mass flow 
imcompatibility between the engine and the compressor can be reconciled through 
the bypass. Therefore compressor surge a t high pressure, where the flow range is 
particularly low, is avoided. This can be seen from  Fig-1.24, the operating lnes of 
the complete system as well as the engine operating lines being superimposed on the 
compressor map. Under most operating conditions, in particular at low engine 
speeds, a large amount of air is bypassed. Very high BMEP is achieved over the 
entire engine speed range, implying a high rate of fuel input to the auxiliary 
combustion chamber to achieve the required pressure ratio. As a result, The fuel 
comsumption is high. Indeed, at low speed low load operation the fuel supply to the 
auxiliary combustion chamber can be several times as high as that to the engine. 
Further, the operation of the bypass and the auxiliary combustion chamber requires 
a complex control system. All these factors decide that Hyperbar can only be used 
in special applications, such as military vehicles, rather than for commercial 
purposes.
f )  Compound and Adiabatic E ngines[23,24,25]  These schemes are 
aimed at improving the system efficiency rather than obtaining exceptionally high 
ratings. Usually only about 40% of the energy of the fuel input can be converted 
into useful work by the engine, the rest being rejected to the coolant and discharged 
with the exhaust gas. For turbocharged engines, a certain amount of exhaust energy 
can be extracted by the turbine for providing high density air. U nfortunately, while 
at low speed, low load this energy is not sufficient; at high speed, high load it can be 
excessive. The purpose of compounding is harnessing this excess energy and direct it 
to the output shaft thus increasing output power. Fig-1.25 shows the Cummins 
compound scheme, in which the exhaust gas is further expanded through a low 
pressure turbine which is geared to the output shaft, while Fig-1.26 shows a 
typical performance map for this scheme in non-adiabatic form.
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Generally, the heat to coolant for an engine can be as much as 20-30% of the 
total energy input. The concept of an adiabatic engine is to reduce or prevent the 
heat loss to coolant. However, the thermal efficiency of the engine cycle itself can 
benefit very little from this. The significant effect of insulation is, in fact, that 
more heat is directed to the exhaust gas. Turbocharged engine can benefit from this 
because of the resultant high boost ratio, leading to partial energy recovery by more 
positive pumping work, while excess available energy still exists. Clearly, the 
potential of adiabatic operation can be further exploited in combination with a 
compounding system. However, the volumetric efficiency of the engine will 
decrease due to higher cylinder temperatures. Fig-1.27 shows a prediction of the 
variation of some parameters of interest in relation to the degree of insulation.
1.4 The D ifferential Compound Engine(DCEX26,27,28,29,30]
The differential compound engine is an integrated diesel engine-transmission 
system, with characteristics particularly favourable for heavy transportation 
applications. As its name suggests, the DCE has the following features: an fully  
floating epicyclic geartrain, with the engine connected to the annulus or ring gear, 
the supercharger compressor to the sungear and the output shaft to the planet 
carrier respectively. The exhaust turbine is geared to the output shaft. Due to the 
incorporation of the epicyclic geartrain. additional freedom is introduced to the 
system, making systematic optimisation possible.
1.4.1 H istorical Developm ent
The concept of the DCE was first proposed more than two decades ago and 
research work on the DCE has proceeded continuously. The system has been under 
progressive evolution and refinement. These steps can be briefly summarised as 
follows:
a)Substitution o f  a four-stroke engine fo r  the original opposed piston  
tw o-stroke engine. The choice of a two-stroke engine in the original DCE 
scheme was dictated by two considerations:
Firstly, the ability of the two-stroke engine to accommodate large 
throughflow w ithout incurring the penalty of excessive pressure drops and hence 
loss of potential turbine power.
Secondly, the expectation that a two-stroke engine would have significantly 
higher power weight and power bulk ratios than an equivalent four-stroke engine.
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However, operating experience with high output, high speed two-stroke 
engines has shown that thermal loading limitations are severe and that BMEP is 
limited even with piston cooling. On the other hand, four-stroke engines can operate 
at higher BMEP’s and lower thermal loading, so that better power weight ratio can 
be achieved.
bjChanges o f  turbines. Originally, one power turbine and one auxiliary 
turbine of fixed geometry were used, with the power turbine using the exhaust air 
while the auxiliary turbine expanded the bypass air. This scheme is shown in Fig- 
1.28 The auxiliary turbine was only operative at lower output shaft speeds when 
comparatively large quantity of excessive air was available. With this configuration, 
the very rapid increase in air flow associated w ith  progressive reduction of output 
shaft speed, due to the speeding up of the compressor cannot be accommodated by 
the turbine w ithout exceeding reasonable limits of system pressure, therefore some 
of the air has to be blown off. Later, both turbines were replaced by those of the 
variable geometry type, Fig-1.29. This greatly facilitated the matching process of 
the system. In this scheme, both the power turbine and the auxiliary turbine used 
the mixture of exhaust gas and excess air, w ith the former being operative only at 
higher output shaft speeds but the latter at lower output shaft speeds.
The performance of this scheme at the engine speed of 2400 is shown in Fig- 
1.30. Very high torque rise was obtained. Particularly, at the low output shaft 
speed region, the output torque increases sharply as the output shaft speed 
decreases. It should be noted that for these two early schemes, a higher ratio gear is 
adopted between the auxiliary turbine and the output shaft than that between the 
power turbine and the output shaft, in order to increase the torque contribution 
from the auxiliary turbine to the output shaft.
W ith the adoption of a four-stroke engine, the auxiliary turbine was 
dispensed w ith at a later stage, while a bypass duct was introduced to connect the 
inlet and exhaust system, Fig-1.31. As a result, the boost can be controlled at will 
through the settings of turbine nozzle angle and bypass valve. In fact, the proto­
type to date for research work takes this form.
1.4.2 General C haracteristics o f  the DCE
The ultimate scheme of the DCE is shown in Fig-1.32. A further feature is 
added to the system, viz. a continuously variable transmission between the turbine 
and output shaft. In the following, various features of the system will be discussed.
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a /The epicyclic gear train is the key factor of the DCE and its characteristics, 
i.e. the speed relationship between annulus, sungear and planet carrier, or rather, 
between engine, compressor and output shaft, are shown in Fig-1.33. It can be seen 
that there can be a wide combination of engine, output shaft and compressor speeds. 
Therefore the flexibility of the system is enhanced. This means that the engine and 
the output shaft speeds can be scheduled in such a manner that, for any desired 
overall system output, optimum efficiency can be achieved.
More importantly, due to the possibility of relatively independent operation 
of the engine and the output shaft, the output speed and torque can be varied at 
will while the engine can still be working in a steady manner. Obviously, as the 
output shaft speed decreases, its torque will increase if the output shaft power is 
approximately unchanged. Therefore, much higher torque backup can be obtained 
than that achievable by the engine itself. It can be seen from the speed relationship, 
that for a constant engine speed, the compressor speed will increase with decrease of 
output shaft speed. Therefore the mass flow rate of the system can be increased, so 
th a t more fuel can be burnt to increase BMEP and power. This will increase the 
dynamic performance of the system further. This characteristic is highly desirable 
but is unobtainable w ith a conventionally turbocharged engine. Actually, w ith the 
DCE, due to the ample air supply available at low output shaft speeds, a constant 
engine power can be achieved over the full output shaft speed range, therefore a 
continuous torque rise is available with decrease of output shaft speed. For instance, 
w ith the cummins L10 engine having a rated power of 240kw, a torque ratio of 
about 4:1 is predicted over an output shaft speed range from 2200rpm to 440rpm. 
W ith the DCE. the driveability is thus greatly improved. If a suitable torque 
converter is incorporated, then the use of any form of m ulti-ratio change speed 
gearbox can be eliminated, thus substantially simplifying the transmission system.
Apart from the epicyclic geartrain. there are other aspects which are distinct 
features of the DCE.
6/The compressor in the DCE is of the rotary positive displacement type; a 
typical characteristics of such a machine is shown in Fig-1.34. This choice is made to 
overcome the twin problems associated with the widely used centrifugal 
compressor, viz. surge and choking. Due to the wide mass flow range required by 
the system, the centrifugal type w ith its narrow flow capacity is unsuitable. For 
example, at full load higher pressure ratios are required over the entire output shaft 
speed range, particularly at low output shaft speed, therefore surge would be
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unavoidable for a centrifugal type. Additionally, use of positive displacement 
compresor makes the match between the engine and the compressor much easier, 
because the engine has the similar flow characteristics.
c Jlnstead of direct linkage between turbine and compressor, the latter is 
geared to the sungear while the exhaust turbine is geared to the output shaft. This 
arrangement has the following implications: (l)The compressor is driven by the 
sungear, sufficient power is always available. This overcomes the problem associated 
with the conventional turbocharging system in which the power supply to the 
compressor from the turbine is insufficient at low speed and low load while 
excessive power is available at high speed and load. (2)The connection between 
turbine and output shaft gives the possibility of better utilisation of the exhaust 
energy. Because the constraint of direct coupling to the compressor is eliminated, the 
turbine can be scheduled to run under optimum working conditions. This is realised 
by the application of a variable nozzle turbine and a continuously variable 
trasmission system interposed between the turbine and the output shaft. By 
controlling the turbine nozzle angle the optimum turbine power can be obtained 
w ithout impairing the engine operation by excessive back pressure, while the 
operation of the CVT can further improve the turbine efficiency by adjusting its 
blade speed ratio.
<//The bypass duct provides an alternative air path at low output shaft speed 
when compressor speed is high and excessive air flow is provided relative to engine 
demand. Basically bypass flow is undesirable, because excessive power is consumed 
by the compressor, while at the same time turbine inlet temperature coupled with 
low turbine efficiency, and hence specific power output are reduced. However, the 
excess air present in the system can be regarded as a torque convertion medium, 
leading to high output torque. Controlling this excess air by the bypass valve 
contributes to the excellent transient response of the DCE.
It can be seen that DCE system has a high degree of flexibility. By carefully 
specifying the value of every individual variable, the state of the system can be 
determined at which best performance is achieved. However, this also means 
increased complexity. Therefore a fairly  sophisticated control system is required.
In the theoretical part of this thesis the concept of the DCE is applied to the 
Cummins L10 engine. The work is mainly concentrated on steady state performance 
prediction and optimisation. Emphasis is placed on the effects of changing ambient 
conditions on the system performance. In addition, the characteristics of the DCE
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are compared with those of the equivalent conventionally turbocharged engine, both 
system being analysed with fixed nozzle and variable nozzle turbines.
1J5 The Effects o f Changing Am bient Conditions[31,32,33]
Vehicle engines are required to work under varying ambient conditions. 
N aturally this w ill affect the operation of the compressor, and the trapped 
conditions w ill vary. In turn, the performance of the engine cycle w ill be affected, 
as w ill the exhaust conditions, which determine the operation of the turbine. 
Because of the connection between the turbine and the compressor, there will be 
some feedback from the former to the latter. As can be seen from Fig-1.35, this is 
rather complex in nature. For example, higher ambient temperature w ill result in 
higher intake temperature, which will lead to higher compression temperature, and 
hence to better fuel/air mixing, shorter ignition delay and probably smoother 
combustion. On the other hand, higher ambient temperature means lower intake 
density, therefore lower air/fuel ratio, this w ill affect the engine operation 
adversely. Changes in ambient pressure w ill also impose drastic changes on the 
system. Therefore, the outcome will be the result of complex interactions among 
numerous factors and processes.
The direct result of changes in ambient conditions is the variation in mass 
flow rate through the system, which will affect engine and therefore overall 
performance. Firstly, the engine must operate above the minimum permissibale 
air/fuel ratio. Further, there are various limitations on the operation of the system, 
e.g. mechanical and thermal stresses. For the engine, the maximum cylinder 
pressure, the exhaust temperature and smoke level are important parameters, the 
former two being concerned with mechanical and thermal loading. For the 
turbocharger, both maximum speed and turbine inlet temperature can be limiting 
factors.
Because of their different structure and characteristics, changes in ambient 
condition w ill affect the operation of the turbocharged engine and the DCE in 
different ways.
a) Turbocharged Engine System  When the ambient pressure is reduced, 
the mass flow through the system will be reduced, although the turbocharger can 
adjust itself, to some extent, to compensate for this effect, as a result of the engine 
operating with lower air/fuel ratio hence with increased exhaust temperature. By 
this process, the turbocharger speed is increased. Obviously, if either turbocharger
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speed or exhaust temperature exceed their permissible limits, measures have to be 
taken to correct this. One approach is to adjust the injection timing. However, if this 
is not effective enough, then fuelling may have to be reduced. Due to the special 
match between the engine and the turbocharger, boost ratio increases w ith engine 
speed. Therefore, air/fuel ratio will be higher at higher speeds but lower at lower 
speeds. If further decrease in mass flow occurs, the air/fuel ratio at lower speed will 
be even worse. Lower air/fuel ratio will lead to lower thermal efficiency. 
Furthermore, lower air/fuel ratio tends to increase smoke emission. Again, it may 
be necessary to reduce the fuelling to keep the smoke within its permitted level.
Elevation of ambient temperature w ill produce similar effects: reduced mass 
flow rate but w ithout any compensating action whatsoever. Therefore, it seems that 
this will affect the system operating conditions more severely compared reduction in 
ambient pressure. It is more likely that some of the system parameters wii exceed 
their limiting values and fuelling will have to be reduced.
b) The DCE  The operation of the DCE is likewise subject to the influece 
of changes in ambient conditions. Interestingly, the DCE can also compensate, to 
some extent, for the mass flow reduction caused by reduction in ambient pressure, 
by increasing the compressor pressure ratio. This is due to the power distribution 
between the ring gear, planet carrier and the sungear. Further, by altering the engine 
operating conditions, e.g. varying its speed for constant power, the mass flow rate 
through the system can be varied, thus satisfying the engine demand. For example, 
due to decrease in ambient air density resulting from reduction in ambient pressure 
or elevation in ambient temperature, there can be a mass flow shortage relative to 
engine mass flow demand. This situation can be adjusted by increasing the engine 
speed, therefore compressor mass flow is increased.
Automatically, reduction in ambient air density will result in decrease in 
mass flow rate. Therefore lower air/fuel ratio and higher exhaust temperature. 
However, due to the inherent flexibility mentioned above, this can be remedied by 
increasing engine speed, if allowed. In this process, air flow is increased while fuel 
flow remains unchanged, therefore air/fuel ratio w ill increase. Because of the 
relative independent operation of the engine and output shaft, comparatively stable 
output can be maintained.
A consequence of the application of the epicyclic geartrain in the DCE is that 
at lower output shaft speed, the compressor speed is higher. When the system 
works at altitude, the boost ratio tends to increase further. Therefore, a compressor
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of high pressure ratio capacity is required. It is also important that under extreme 
pressure ratios, reasonable compressor efficiency can be achieved.
It should be noted that although the operation of the systems over their entire 
operating range will be affected by the changes in ambient condition, the operation 
at fu ll load is of the most importance, which denotes the maximum capacity of the 
system. Further, it is under this operating condition, there is the danger for the 
various parameters to exceed their respective limits, therefore the perofrmance 
should be particularly observed. Nevertheless, again because the wide operating 
range of the systems, it is worthwhile to have an idea of what happens at part load 
operation.
1.6 Scope o f  th is  Thesis
The bulk of the work described in this thesis is concerned with a detailed 
performance assessment, based on the Cummins L10 6 cylinder DI Diesel engine, of 
turbocharged and differentially compounded systems operating both under sea level 
and high temperature, high altitude conditions. The objective of this work is to 
show the considerable operational advantages of the DCE system over the 
conventional turbocharged engine in terms of
aJSuperior torque back up making possible a stepless tansmission system, 
and
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CHAPTER 2 
SURVEY OF THE THEORETICAL WORK
This chapter describes the major simulation programs used in the performance 
assessment of turbocharged and differentially compounded systems based on the 
Cummins L10 engines.
2.1 Sim ulation o f  the Turbocharged Cummins L10 Engine 
Using Program EMAT
2.1.1 The M atching Program EMAT[34,35]
In simulating the turbocharged Cummins L10 engine, the program EMAT was 
used. EMAT is a quasi-steady state simulation program for engine/turbocharger 
matching and performance prediction purposes. In the program, the three major 
components, the engine, turbine and the compressor are represented by separate 
analytical models, while the main program links them to simulate the whole 
system. Although the component models are relatively simple, for speed of 
computation, great amphasis is placed on treating the interrelationships between the 
different components. W ith sufficient empirical data, acceptably accurate results can 
be obtained. EMAT has proved to be a very effective tool for matching calculations. 
The advantage of this program compared with the more comprehensive step-by-step 
type is its fast running speed. The overall characteristics of an engine/turbocharger 
combination under various operating condition can be investigated with great 
economy.
2.1.1.1 M ain Program.
The function of the main program is to link the various components of the 
system. The input of the basic data and operating data, and the output of the results 
are also performed in this part. A sample of the data file is shown in Table-2.1 
while Table-2.2 shows a list of variables relevant to the data file. Various
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compatibilities are checked and convergence is obtained using iterative loops(see 
section c below ’Program Structure).
a)Input The input data include engine geometry, valve timing, turbine 
geometry; some empirical data, such as engine diagram efficiency, fmep, as functions 
of engine speed, and delivery ratio as a function of both the engine speed and 
exhaust/inlet pressure ratio, etc. These data are used w ith interpolation routines 
under the relevant operating conditions.
b)Output The final results including all the major performance parameters 
of the engine, compressor and turbine, are output systematically as numerical 
arrays. For checking purposes, some intermediate data can also be recorded. Table-
2.3 shows a typical output data file of EMAT.
c)Program  Structure  The flow chart of the EMAT is shown on Fig-2.1. 
As is well known, in turbocharged engine operation, several major compatibilities 
have to be satisfied between various components of the system. The compressor and 
the engine are connected thermodynamically through gas flow, therefore these two 
flows must be in balance. A similar situation occurs between the engine and the 
turbine. The connection between the compressor and the turbine requires that the 
power balance be satisfied at the specified speed, w ith due allowance for 
mechanical(bearing) losses.
In EMAT. the balance of the mass flow between the engine and the compressor 
is accomplished by adjusting the compressor mass flow rate so that the delivery 
ratio obtained according to this mass flow is compatible w ith that by interpolation 
from the empirical data at the relevant engine speed and the exhaust/inlet pressure 
ratio.
A five-step pulse model is used to simulate the exhaust process. The length of 
these steps is adjusted by iteration on an initially assumed value of minimum pulse 
pressure so tha t the total crank angle period occupied by these five steps equals that 
of the exhaust process which is determined by valve timing. Thus the mass flow 
balance between the engine and the turbine is satisfied. Fig-2.2 shows the pulse 
model schematically. Two cylinders are involved, one being at the start and the 
other the end. of the exhaust process. Instant mixing of the gases in these two 
cylinders and in the exhaust manifold is assumed. Dealing w ith 6 cylinder engine, 
two exhaust manifold structure is assumed, each manifold connecting three selected 
cylinders. Therefore the exhaust period is 240deg. However, in the actual
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calculation, the exhaust process is carried out in five pressure ratios each covering a 
certain crank angle interval, rather than a continuous process.
Finally, the matching is completed when the power of the turbine and the 
compressor has converged. In this case, turbocharger speed is used as the iterating 
variable, the whole process of calculation having to be repeated until all 
compatibility conditions are satisfied, within specified tolerance.
2.1.1.2 Engine Subroutine
In the engine model the cycle is divided into a relatively small number of 
steps. It uses findings based on detailed experimental investigations into heat release 
and heat transfer and hence gives a relatively realistic representation of the cycle. 
The heat release is related to injection timing and duration, and modified by heat 
transfer. The gas exchange process takes details of valve timing and valve lift 
curves into account, and can deal realistically with pressure differences across the 
engine.
The cycle P-V diagram of the model is presented in Fig-2.3. The closed period 
starts from the assumed trapped condition, point 1. 15 degrees before nominal IVC. 
The compression process 1-2 is assumed adiabatic. The heat release is divided into 
proportion a  in the constant volume process 2-3, which is from the start of 
injection up to 5 degrees ATDC and in which an allowance for work over TDC is 
taken into account; and 0 , half of which is at constant pressure 3-4, half on a 
constant slope 4-5 to match the isentropic expansion 5-6. The calculated heat 
transfer is subtracted first from 0 to give 0 lt the remainder from a  to give « i if 0 
is not sufficient.
Open period includes blowdown 6-7 which is taken as starting from 15 
degrees after nominal EVO, exhaust process 7-8 and intake 9-10. In the calculation, 
inlet and exhaust pressures allow for a calculated pressure difference across the 
valves, assuming steady imcompressible flow with valves fu lly  open.
The combustion period is covered by the adoption of the fuel preparation rate 
equation:
dm f  = xk. (m/  inJ —m f  )d 0
x k  combustion rate factor
m.f fuel prepared
m f  jn j fuel injected
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d  0 crank angle increment
This is shown in Fig-2.4, where X in j  denotes the start of injection, D in j  
duration of injection, and X A  the injection period covered by the constant volume 
burning phase which ended at 5 deg. ATDC. The fuel burned in various periods of 
combustion is obtained by integration of this equation over the relevant crank angle 
intervals.
Strictly, this equation is only appropriate for the diffusion burning phase; the 
combustion in the pre-mixed phase is of a different nature. In order to simulate the 
cycle reasonably in terms of overall performance(thermal efficiency, BMEP, 
cylinder pressure, exhaust temperature,etc.), it is very important that a suitable 
value of x k  is specified. The variation of x k  directly dictates the distribution of 
heat release in the various parts of the combustion. Higher x k  values will result in 
more fuel being burnt in the ’constant volume’ period, resulting in increased 
maximum cylinder pressure and temperature and cycle efficiency while the exhaust 
temperature will be lower. However, too high a value of x k  will also result in 
poor efficiency due to excessive compression work. Usually a value of around 0.1 is 
used.
The significance of another parameter used in the engine model is worth 
emphasising, viz. the heat transfer factor q l f  . The function of q lf  is to control the 
amount of heat transfer to coolant, affecting both engine efficiency and exhaust 
condition. Therefore it is also important to specify a proper values of q l f  when 
applying the model to a particular engine. The value of heat transfer to coolant is 
calculated from an empirical equation relating to air flow rate, air/fuel ratio, 
temperature difference based on the inlet air and coolant temperature. Fig-2.5 shows 
the variation of this heat transfer against engine fuel flow, which appears to be 
quite representative for diesel engine cycle.
The input data include inlet mass flow, pressure and temperature, and the 
operating data: engine speed and fuelling in the form of fuel/rev. The injection 
timing, fmep etc are interpolated from empirical data. O utput include all major 
performance data, such as power, bmep, sfc, thermal efficiency and exhaust 
temperature which is of special importance in the subsequent turbine calculation.
Generally, relatively realistic prediction can be obtained with the program.
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2.1.1.3 Turbine Subroutine[36,37,38,39]
The turbine subroutine currently used is due to Way[39]. A one-dimensional 
treatm ent is applied to the flow analysis. The only explicit loss included is the 
incidence loss while a polytropic correlation is used throughout with a constant 
polytropic efficiency to cover all other forms of losses both in the fixed and rotating 
passages, i.e. skin friction, leakage and secondary flow losses. The model can deal 
w ith turbines of either nozzled or nozzleless design. The input data are speed and 
pressure ratio as well as turbine geometry. Output data are mass flow, power, 
efficiency and torque, etc.
2.1.1.4 Compressor Subroutine
The oompressor map is presented as a series of numerical arrays of efficiency 
and pressure ratio based on mass flow rate and compressor speed; the data at a 
specific point can be obtained by interpolation from known values of mass flow and 
speed. The input data are speed and mass flow; at the start of the calculation the 
mean mass flow between surge and choke at the initial assumed speed is used as a 
first approximation. The output data are power, efficiency, pressure ratio, torque 
and outlet condition.
2.1.1.5 Charge Cooler Subroutine
The effectiveness and pressure loss through the cooler are calculated from 
empirical equations, based on mass flow rate and known inlet temperature of 
coolant and air. The input data include mass flow rate and inlet temperature. The 
output includes exit pressure ratio and temperature.
2.1.1.6 Other Features
In all these calculations, the effects of composition and state on gas properties 
have been taken into account. Fig-2.6 shows the variations of specific heat Cp and 
the ratio of specific heat, with air/fuel ratio anf temperature. Use of this 
correlation will make the simulation more realistic.
2.1.2 VG Turbocharging Sim ulation
An important additional facility of EMAT is its ability to simulate variable 
geometry turbocharging. Because turbine nozzle angle is input as an operating 
parameter, turbine matching is easily accomplished by specifying various values of 
turbine nozzle angle. This is equivalent to operating the system with turbines of
various sizes, therefore the best combination can be selected. Further, it is 
particularly flexible in that the turbine nozzle angle can be varied at will in 
theoretical investigations, i.e. it can be scheduled at different operating points so 
that the best value of sfc or torque backup can be obtained for all these points. 
Therefore it is possible to synthesize an optimised performance map for any VG 
turbocharged engines.
2.1.3 Derating for A ltitude and Temperature
As stated earlier, variations in ambient conditions will affect the operation of 
the system in a very complex manner. This is difficult to describe in detail, even 
with a very comprehensive program. Furthermore, more detailed programs will 
incur greater computing cost.
The ambient conditions are represented by two parameters, viz. pressure and 
temperature. In the present case, the effect of changing ambient conditions on the 
performance of the system is assessed by varying the values of these two variables, 
and enssuring that limiting conditions such as maximum cylinder pressure, exhaust 
temperature, air fuel ratio, turbocharger speed etc. are never exceeded.
In the present investigation, the main emphasis is placed on the effect of 
varying ambient conditions on the overall performance of the system, such as the 
variation of system mass flow rate, and changes in output power subject to the 
various operating limits already described. Specific measures taken so that the value 
of these critical parameters are not exceeded include changes in turbine nozzle angle, 
injection timing and reduced fuelling. The program EMAT is obviously very 
suitable for this purpose.
Most of the programs can be used directly while some correction is necessary 
when using the compressor subroutine. As mentioned earlier, the compressor is 
presented as arrays of pressure ratio and efficiency based on speed and mass flow 
rate. Clearly, as the inlet(ambient) conditions vary, for the same speed(Af) and 
pressure ratio(/V  ), the mass flow rate will change accordingly. In dealing with this 
matter, it is assumed that under any conditions, for the same dimensionless 
speed(N  /  'J ¥  ) and pressure ratio, the mass flow parameterQlf 'Jt  / P ) and 
efficiency(T)) will be the same, i.e. the method of similarity is applicable in the 
operation of the compressor(which is the basis on which the conventional 
compressor map using dimensionless parameters is obtained):
if P rx =Pro and N x  /  VTx = N o  /  \ / T o  ,
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M mass flow rate
V efficiency
where o and x  represent base and derated conditions respectively.
In calculations, the compressor speed and mass flow are first transferred to 
their respective equivalent under standard conditions. A fter the pressure ratio and 
efficiency are obtained, the mass flow and speed are transferred back to their original 
value.
2.2 Sim ulation o f L10 DCE Using Program DCE
2.2.1 The M atching Program DCE2 
(Variable Turbine Nozzle Build)
Like EMAT, DCE2 is also a simple quasi-steady state program. Most of the 
subroutines, such as engine, turbine and charge cooler, are identical to those in 
EMAT. However, a different compressor subroutine is adopted, not only because a 
different type of compressor(of rotary positive displacement rather than 
aerodynamic or centrifugal type) is used, but a different approach is adopted in 
constructing the pogram. Here, the compressor is represented as numerical arrays of 
volume flow rate and power, based on its speed and pressure ratio(which are the 
experimental data available). Other parameters such as mass flow rate and 
efficiency, etc. are obtained using the normal thermodynamic relationships.
The function of the main program is similar to that of the main program in 
EMAT. Most of the input variables are the same while for the DCE. additional data 
for the epicyclic geartrain and gear losses are included. The injection timing and 
duration of injection are presented as numerical arrays based on fuel/rev and engine 
speed rather than as operating data, as in the case in EMAT. The operating data 
include output shaft speed, engine speed, engine torque and turbine gear ratio. The 
output data include all the major parameters such as output shaft power, efficiency, 
etc. as well as all relevant operating variables for engine, compressor and turbine. A 
sample of the data file for the DCE2 is shown in Table-2.4 while Table-2.5 lists the
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various items in the file. Table-2.6 is a typical output data file for DCE2.
2.2.1.1 The Structure o f  the Original Program DCE2
The flow chart for DCE2 is shown in Fig-2.7. Being constructed in great 
l detail, it appears very complex.
As stated earlier, the DCE system is substantially complicated by the 
incorporation of an epicyclic gear train, variable geometry turbine, turbine CVT and 
bypass duct, but equally its flexibility is greatly enhanced. This has a significant 
elfect on theoretical simulation of the system, in that the analytical representation 
is not as complex as would be expected, because, for instance, a compatibility 
requirement can be satisfied by adjusting several variables simultaneously. As a 
result, the simulation involves only several small separate loops rather than large 
nested loops as in the simulation program for the turbocharging system. EMAT.
In the DCE, the epicyclic gear dictates the torque and speed relationships 
between engine, output shaft and compressor. Although these relationships cannot 
be easily visulised, they are fixed for a specific geartrain. If the known variables are 
sufficient, then the solution is unique. For instance, in the DCE program, the input 
operating data include engine speed, engine torque and output shaft speed. From 
analysing the characteristics of the epicyclic geartrain(Fig-2.8), its operation is 
determined: the compressor speed and torque, the part of the output shaft torque 
contributed by the engine torque, are all fixed. This is shown below[40]:
compressor speed 
engine speed(known) 




planet carrier speed 
sun gear speed 
EGR =Ra /R s  annulus/sun diameter ratio 
CGR = N c /N s £ G R  overall compressor gear ratio 
TGR = N t / Nos turbine(to output shaft) gear ratio











then, the unknowns can be determined as follows:
a Compressor speed
N c =CGR (Ne -N o s  IOGR ) 
b)compressor and output torque 
r c —Te ICGR  
70s = re  / OGR +rt.TGR
c Compressor and output power
Wc =  We [1 -N o s  / ( OGR.Ne )]
Wos =[We / ( Ne.OGR )+rt.TG R ].Nos
Clearly, these equations have to be employed in the simulation procedure. In 
the following, the outline of the program is described.
As mentioned earlier, the operating data include engine speed and torque, and 
output shaft speed.
The program starts with the compressor calculation. From the input operating 
data, compressor speed and torque are predetermined. An iterative loop is formed 
and the compressor pressure ratio (re) is taken as the iterating variable whose initial 
value is interpolated from an arbitrary array based on engine torque. The loop will 
be completed when a proper pressure ratio is obtained so that at the specified speed, 
the compressor torque calculated with the subroutine matches that from the gear 
relation. Meanwhile, other compressor operating parameters, such as mass flow rate, 
are determined.
The second loop deals with the mass flow balance between the compressor and 
the engine. Due to the presence of the bypass, this compatibility is easily satisfied. In 
the program, the air flow through the engine is determined from an empirical array 
of delivery ratio based on engine speed and exhaust/inlet pressure ratio, while the 
rest goes through the bypass, mixing with the exhaust gas before the turbine.
Engine performance is calculated by varying the parameter fuel/rev to match 
the required engine torque which is specified in the input data together with engine 
and output shaft speed.
The turbine is presented as constant inlet pressure operation. The mass flow 
balance is satisfied by adjusting the turbine nozzle angle. A further complication is 
the optimisation of the gear ratio between the turbine and the output shaft. This is 
done by running the turbine over a series of speeds(gear ratio). The optimum value
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is obtained when system efficiency reaches a maximum.
Finally, the simulation is completed by a simple calculation of the output 
shaft torque: as the sum of the torque contributed from the engine through the 
planet carrier and the turbine torque transmitted through the turbine CVT.
As can be seen from the flow chart Fig-2.7, the analytical representation of 
the DCE is quite straightforward.
It should be mentioned that because of the epicyclic gear and the bypass duct, 
the pipe system will be longer and more complex. The flow losses w ill be greater 
and have to be taken into account. The assumed loss distribution is shown in Fig- 
2.9. However, the actual structure of the pipe system is unknown, as is the actual 
losses. In simulation, the situation is simplified and all the losses are taken as 
constant regardless of system operating conditions.
2.2.1.2 Modified Program DCE-VG(see flow chart Fig-2.10)
There are several difficulties in using the original program DCE2. In the 
following, these will be assessed separately.
a)Reverse Bypass Flow  In the program, it is required that the mass flow 
in the bypass should always be positive and the occurrence of reverse flow is 
prohibited condition. Therefore, once a negative bypass flow is detected(air flow 
through the engine greater than compressor mass flow), the program will stop.
Obviously, an additional constraint is thus imposed on the system. It is 
necessary to examine the cause of reverse flow in order to ensure normal operation 
of the system.
The DCE is usually matched at the design point of the engine. Minimum 
bypass flow is required at this point for economy. The match of the system not only 
involves selection of turbine and compressor, it may also require determination of 
gear ratios including the ratio between the sun gear and the compressor, the ratio 
between the planet carrier and the output shaft, and the individual ratios within 
the epicyclic geartrain. Having established these various gear ratios, other 
characteristics of the system will be apparent, because the speed relationships 
between the different components are now fixed(Fig-1.31).
When operating the system under fixed engine power conditions, the engine 
speed and torque can vary over a very wide range. For a fixed output shaft speed,
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the compressor speed will increase with increasing engine speed and vice versa. The 
engine mass flow and the compressor mass flow will vary in a similar fashion, due 
to the positive displacement action of the two devices.
However, as can be seen in Fig-1.31, as engine speed decreases, the compressor 
speed will decrease at a much greater rate. At a particular engine speed, a situation 
will occur such that the mass flow of the engine exactly matches that of the 
compressor, i.e. zero bypass flow. If the engine speed is further decreased, the mass 
flow capacity of the engine will exceed that of the compressor. When such a 
combination of engine, output shaft and compressor speed is encountered in the 
program, reverse bypass flow will be predicted. This phenomonon can be explained 
by-further examining Fig-1.31. For a fixed output shaft speed, as the engine speed 
decreases, there is a unique value which results in the compressor speed of 
zero(along the abscissa of the figure). If the engine speed is further decreased, then 
the rotation of the compressor will be reversed. It can also be deduced that for 
certain higher values of engine speed, the mass flow of the compressor will be higher 
than that of the engine, and the higher the engine speed, the higher the bypass flow.
From the above discussion, it can be seen that the only remedy to the problem 
of reverse bypass flow is to increase the engine speed. In the original program, this 
may be done by altering the input data, but only in a manner of 'trial and error’, 
and this may be rather tedious. The modified program DCE-VG automatically 
adjusts engine speeds.
b)Failure o f  the Turbine Subroutine Difficulties also arise frequently 
because of the failure of the turbine routine. In order to find out the reason for this 
the turbine subroutine and its interaction with the main program are examined.
In the program, when calling the turbine routine, the following variables, 
apart from the turbine geometric data, should be specified: the gas state at the 
turbine inlet and the turbine speed. The mass flow rate of the turbine, as well as 
other performance parameters, are calculated. However, the mass flow is already 
known as the sum of engine exhaust and bypass flow. The turbine nozzle angle is 
taken as an iterating variable and is adjusted so that the mass flow calculated 
matches that from the exhaust system.
Generally failure of the turbine subroutine is the result of too high a turbine 
speed relative to a low inlet pressure(pressure ratio).
A typical turbine performance map is shown in Fig-2.11. Notice the dashed
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line in this map. It defines two different types of operation. In simple terms, if the 
operating point lies above this line, positive work w ill be produced by the turbine 
whereas if the operating point lies under this line, negative torque will appear on 
the turbine shaft. On the line itself, turbine torque is zero.
Fig-2.12 shows the variation of the turbine efficiency versus the blade speed 
ratio(u/c). which is defined as the rotor tip velocity(u) divided by the velocity(c) 
that would be achieved by the gas following isentropic expansion from the inlet 
condition to the pressure at the exit from the turbine. It can be seen that as the 
blade speed ratio increases from the value of 0.8, the turbine efficiency decreases 
sharply, reaching zero at a value of a little over 1.1.
Both these figures suggest that for a fixed pressure ratio across the turbine, 
there exists a maximum speed, above which the turbine can not work normally.
The reason for this may be explained as follows. For a specific inlet condition, 
the available energy of the gas is limited(the maximum being the isentropic 
expansion work over the pressure ratio available). When the turbine is running, a 
centrifugal field will be generated, which will result in an adverse pressure 
gradient. Clearly, before obtaining any useful work, this adverse pressure has to be 
overcome. However, if the turbine speed is too high, this adverse pressure could 
exceed the inlet pressure, i.e. the turbine is pushing the gas rather than otherwise. 
(At an extremely high speed, the turbine could be functioning as a compressor.) 
Therefore a negative torque is produced. Further, due to the various losses incurred 
over the turbine passage, this becomes more likely to occur. Moreover, the 
centrifugal field will be strengthened as the turbine speed increases, thus higher 
inlet pressure is required to overcome the incurred adverse pressure. This can be 
seen on Fig-2.11, the dashed line showing relation of increasing speed with pressure 
ratio.
In the program, the turbine speed (turbine gear ratio) is somewhat arbitrarily 
specified and too high a value can be supplied hence resulting in negative torque. 
Likewise, if too high a CVT ratio is implemented in real operation, a certain amount 
of work will be extracted by the turbine from the output shaft. This is clearly 
undesirable.
The turbine subroutine is so constructed that whenever a negative torque is 
detected zero mass flow will be initialised and failure is signaled. Subsequently, the 
program w ill stop. It is clear that the choice of the turbine gear ratio, particularly at
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the first run, is very important for normal operation of the program, although this 
problem can be solved simply by reducing the turbine gear ratio.
Two cases can be distinguished. If the system is working at relatively high 
engine power and low output shaft speed, the relatively low turbine inlet pressure 
may be caused by an improper specification of the engine speed and torque in the 
input data(arbitrary). For fixed engine power, if the speed is high the torque will be 
relatively low. Low engine torque will result in low compressor torque and 
pressure ratio, thus low turbine inlet pressure(boost being controlled by turbine 
nozzle angle). Usually, under too high an engine speed, massive excess air is 
supplied by the compressor with very high bypass flow. If the engine speed is 
reduced, then the bypass flow can be reduced, thus leading to a gain in overall 
efficiency. At the same time, boost pressure and turbine inlet pressure can be 
increased. This may avoid the failure of the turbine subroutine and the system is 
fu rther improved due to the operation of the turbine.
However, the problem often occurs under low load and high output shaft 
speed conditions. The available exhaust energy becomes insufficient to overcome the 
resistance of the turbine passage. Under these circumstances, the turbine becomes 
rather an energy-consuming device. It would appear more advantageous that the 
turbine is bypassed and the exhaust gas is directly discharged to atmosphere.
c)O ther Shortcom ings  In the original program, the optimisation of the 
turbine gear ratio is performed by running the system w ith eight equally spaced 
values between the input data tg rl and tgr2. The choice of tg rl and tgr2 is arbitrary 
and the optimisation process itself is rather tedious. The results for all the tgr 
values have to be printed out for inspection. Then improved values of tg rl and tgr2 
are obtained. The program has to be run repeatedly until the two converge, even 
for only one operating point.
In order to overcome these problems, the original program DCE2 was 
modified. Relevant measures are taken regarding the problems discussed above. The 
new program is designated as DCE-VG and its flow chart is shown in Fig-2.10. The 
modification includes the following features:
a)In the input operating data, the engine torque is replaced by engine power. 
This allows one to compute the performance of the system in a neater order over 
the operating range. The engine power is fixed while the speed and torque can be 
varied as required.
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b )If reverse bypass flow is detected, the engine speed is adjusted automatically 
so that the program can proceed normally, rather than stop as in the original 
scheme.
c/Turbine operation is checked. If failure occurs in running the turbine 
routine the turbine gear ratio will be adjusted immediately.
d/The optimisation of turbine gear ratio is accomplished automatically and 
the optimum operating data are first output to a special file. The final results can be 
obtained subsequently using the optimum data. Further, the optimisation process is 
only performed in the turbine loop, while in the original program, for every value 
of tgr, the whole program had to be run from the start, which involved much 
unnecessary calculation.
All these points can be seen by comparing Fig-2.7 and Fig-2.10. With DCE- 
VG. major economies in run time have been achieved compared with DCE2 in spite 
of the fact that the structure of the program DCE-VG is more complex than that of 
DCE2.
2.2.2 Sim ulation o f  the DCE w ith  Fixed Nozzle Turbine 
(Program DCE-FG)
For a conventionally turbocharged engine system, implementation of a VG 
turbine can greatly enhance the system performance, as been shown in numerous 
publications. The DCE system embodies the VG turbine as an essential component. 
Since its adoption. VG turbine setting has been one of the important control 
parameters and the determination of this parameter an important aspect of system 
optimisation, both for steady state and transient performance. It is obvious that the 
availability of variable turbine geometry as a control parameter confers an 
additional degree of freedom on the system. However, it has also been exhibited 
from ealier work[23] that the DCE can be run with a fixed geometry turbine(but 
with two turbines). This raises the question of how the operation of the system and 
its simulation are affected by substituting a fixed geometry(FG) turbine for a 
variable geometry(VG) turbine.
The operation of the DCE with a fixed nozzle turbine implies that, in an 
analytical sense, one more constraint is placed on the system. This is significant in 
that the flexibility in turbine matching is lost. Further, because the turbine is at the 
end of the system flow path, if the mass flow balance at this point is not satisfied, 
the calculation may have to start again from the beginning. This makes the
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simulation more difficult.
An earlier program was available for this purpose, but was found not to be 
ideal. It should be possible to compare the results obtained for FG operation directly 
w ith those for VG operation in order to assess the merits and demerits of the two 
systems. The existing program could not fulfil this task for the following reasons:
a /The strategy of the program is quite different from that of program DCE- 
VG. In the former, the input operating data include output shaft speed and torque, 
i.e. the output power is fixed while the engine operating condition is predicted. In 
the latter, however, the engine power is fixed and so is the engine speed(except in 
some unusual circumstances). The output results are the natural outcome of 
synthesising the performance of the various components. Further, because the 
engine rating is fixed, the choice of the engine operating conditions as input data will 
be more realistic. If on the other hand the output shaft operating conditions are 
taken as input data, it is possible that the predicted engine performance exceeds its 
maximum rating or alternatively that this maximum rating is not reached. It is 
obviously difficult to obtain relevant data for comparison of the two systems.
b )In the existing program, no losses are taken into account in the various part 
of the flow path. This w ill undoubtedly alter the system flow balance. Although it 
is not strictly accurate in the program DCE2 or DCE-VG to assume fixed pressure 
losses in the pipes, it can be considered relatively more realistic. Further, as stated 
earlier, for meaningful comparisons, it is desirable that similar considerations are 
applied to both cases.
Owing to these considerations, a new program was w ritten, DCE-FG, based on 
pogram DCE-VG. Much of the process is the same as that of DCE-VG, e.g. the 
system operating condition is fixed by engine power and the output shaft speed. In 
addition, it has the following distinct features:
a /The engine speed is taken as an iterating variable. The mass flow balance 
between the compressor and the turbine can no longer be achieved by adjusting the 
turbine nozzle angle, therefore the operation of the compressor has to be altered 
instead. As seen, for fixed output shaft speed, the compressor speed is proportional 
to the engine speed. Therefore iterating the engine speed is obviously the appropriate 
approach.
£>)Reverse bypass flow treatment. Reverse bypass flow is avoided in program 
DCE-VG by increasing the engine speed to increase the mass flow rate of the
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compressor, but this is accompanied by an increase in the turbine nozzle angle as a 
result. In FG turbine operation this possibility is eliminated. This means that the 
mass flow balance of the system cannot always be achieved under the condition of 
no reverse bypass flow. Consequently, the restriction on reverse bypass flow has to 
be lifted.
In the event of reverse bypass flow, the gas state and composition at the 
engine inlet have to be adjusted accordingly, i.e. in the inlet manifold there will be a 
mixture of air from the compressor and exhaust gas from the bypass. Fig-2.13 
shows the relationship between the various quantities.
It is postulated that the pressure loss across the bypass become zero under 
reverse flow condition. Defining the following variables (for reverse bypass flow 
only):
c m f  compressor mass flow 
o m f  bypass flow(reverse) 
tm f  turbine flow
e x m f  engine exhaust flow
/  overall fuel/air ratio in the engine
Ji fuel/air ratio at the engine inlet
fp rev  fuel per rev.
N e  engine speed
the calculation can be carried out as follows:
the fuel flow through the engine:
om f . f  / ( I + /  )+ fp rev.N e  
^ o m f  . /  +  fprev.N e
the air through the engine:
—c m f +omf (1—/  )
the overall fuel/air ratio of the engine:
/  =(om f . f  + fprev.N e ) / \c m f  +(1—/  )]
solving this equation:
,  _  c m f —y/cm f 2—4 .om f .fp rev .N e  
2.om f
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therefore the fuel/air ratio at the engine inlet: 
f  —o m f . /  /[om f (1—/  )+ cm / ]
the state of the mixtureCP ,T ,etc.) can be obtained from the usual mixing 
calculation.
Further, the effect of the reverse bypass flow is subsequently taken into 
consideration through the engine calculation.
In order to obtain an accurate solution, this part of the program is run five
times.
The program for simulating the DCE with a fixed nozzle turbine is designated 
DCE-FG and the flow chart for the program is shown in Fig-2.14.
2.2.3 Sim ulation o f the DCE under Changing Am bient Conditions
Similar to the case with the turbocharged engine system, the compressor 
performance has to be modified for changes in ambient conditions. As mentioned 
earlier, the compressor map is represented as numerical arrays of volume flow rate 
and power, based on speed and pressure ratio. Because the compressor is now of the 
positive displacement type, it is assumed that its volume flow characteristic, i.e. the 
relation between speed, pressure ratio and volume flow rate is unchanged. 
Consequently, the original volume flow data can be adopted directly. In the 
following the effects of the changes in ambient pressure and temperature on the 
compressor power are examined(noting that the compressor map is presented as 
arrays of power and volume flow rate), under conditions of the same volume flow 
rate and pressure ratio.
If the compression process is considered reversible, then the compression work 
will be:
W = k  / ( k  - l l P . V  [Pr k ,{k “ ^ - l ]  
= k  / (*  -D .M .R .T  [Pr k /(*
where V  volume flow rate
Using subscripts o and x  for standard and modified ambient conditions, 
respectively, and assuming constant k  but variable P  . then
W x / W o  =Px /Po  
or Wx =W o.Px /Po  (for the same P r )
-35-
If only T  is changed, then
W x / W o  —M x.T x  / ( M0.T0 )
but
M x.R .Tx =P.V  and Mo.R.To =P.V  
then, due to constant volume flow and fixed inlet pressureCP ),
Wx =Wo (for the same Pr )
Therefore the compression work is proportional to ambient pressure but not 
affected by changes in ambient temperature.
The transformation is simply to obtain the compressor power by multiplying 
the interpolated value based on the standard data by a factor Px /P o  , the rest of 
the procedure being unchanged.
2.3 O ptim isation o f the DCE System (w ith  VG Turbine)
The DCE multi-variable system calls automatically for optimisation. 
However, this can only be realised through suitable control procedures. In the 
following, this aspect of the system is studied by examining the interrelations 
between the various variables and their effects on the overall performance of the 
system.
Optimisation with turbine nozzle angle and turbine gear ratio has been 
mentioned earlier. The turbine nozzle angle is obtained by satisfying other turbine 
operating parameters, such as mass flow rate, pressure ratio and speed, while by 
running the turbine at various speeds, the best turbine gear ratio is obtained.
Injection timing and duration of injection are input as numerical arrays of 
empirical data based on engine speed and fuel/rev. Obviously, the optimisation with 
these two parameters can be achieved by varying each parameter in turn.
Re-examining the various relationships involved in the epicyclic geartrain, a 
systematic optimisation procedure should be considered. As stated previously, for 
fixed engine power and output shaft speed, the engine speed can vary over a wide 
range. This will certainly influence the overall system operation. However, in both 
program DCE2 and DCE-VG, the engine speed is fixed(unless failure occurs), and is 
chosen arbitarily.
It can be seen from the following equations for compressor and output power, 
derived previously:
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Wc =We [1 -N o s  / ( OGR.Ne )]
Wos =[We /{Ne.OGR H rt.T G R  ].Nos
that
a )An increase in engine speed will lead to an increase in compressor power but 
a reduction in output shaft power; although the turbine work can be somewhat 
increased, its inlet temperature will decrease, thus efficiency. Therefore engine speed 
should be as low as possible.
b )A decrease in engine speed will result in a reduction in system mass flow 
rate. Hence the engine speed should not be so low that the engine is starved of air.
cjHigh engine speed will result in low compressor torque and low pressure 
ratio and vice versa. Under extreme pressure ratios(either too low or too high), the 
compressor efficiency will be poor.
Clearly, all these factors have to be taken into consideration during 
optimisation. For this purpose, an exploratry procedure is constructed based on 
program DCE-VG, instead of outputting data for any one engine speed, the program 
is run over a range of engine speeds, until the optimum value has been obtained.
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6 .0 0 .125 0 .136 0.21778 0.0566 0 .0566 16.3
3.0000 193.0000 495.0000 701.50000 0.0500 8.0000 1.5000
1000.00 1200.00 1600.00 1800.00 2100.00
0 .800 0.9100 1.000 1.110 1.250
.845 .850 .855 860 .865 .845 . 85Ci .855 . 860 .865 .845 .850
.860 .865 .845 850 .855 .860 .865 .845 . 850 .855 .860 .865
0.9850 0.9700 0 .9450 0.9300 0.9250
0 .9350 1.170 1.250 1.270 1.300
40000. 50000. 60000. 80000. 100000.
0 .0976 0 .09 0 .07 0.02540 0.004600 1.5708 0 .18
0 .01350 0.01350 0.01350 1.5708 0.7200 0.00400
0.1840 0 .097 0 .0 0.0 0 .000 0.000 0 .000 0
0.287 43150.0 0 .8415 313.5 350.0 0.800 1.00
0 .00 2 .0 1.5
0.000136 346.0000 345.0000 344.0000 344.0000 345.0000
0.0003175 343.0000 342.0000 341.0000 341.0000 342.0000
0.0004536 340.0000 339.0000 338.0000 338.0000 339.0000
0.000136 12.0000 12.0000 13.0000 14.0000 15.0000
0.0003175 17.0000 18.0000 19.0000 20.0000 22.0000
0.0004536 23.0000 24.0000 25.0000 26.0000 27.0000
240.  115000. 160.  24. 0.000 1.000
0 0 0 1 1 1 0 2
CUMMINS L10 DIESEL ENGINE, HOLSET H2C TURBOCHARGER
1000.0 0.0003492 342. 18. 23.0
1260.0 0.0003612 341. 20. 23.0
1500.0 0.0003532 340. 20. 23.0
1800.0 0.0003303 341. 21. 23.0
2100.0 0.0003042 342. 22. 23.0
0.
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-data Input cards  
Input data must be in metric  u n i t s .
-cards 1 and
1 cyl  
bore 






x ivc  
xevo 


















2 engine  data SflO.O
no of cy l inders  
cy l i n de r  bore diameter  
s t roke
connect ing  rod length  
i n l e t  value  diameter  
exhaust  va lve diameter  
nominal compression r a t i o  
ang le  of exhaust va lve  c lo s in g  
ang le  of  i n l e t  va lve  c l o s in g  
ang le  of exhaust  valve  opening  
ang le  of  i n l e t  va lve opening  
empir i ca l  combustion rate  fa c t or  - approx value  0.1  
r a t i o  of manifold to cyl  volume, empir ical  f a c t o r ,  
empir i ca l  heat  l o s s  f a c t or .
6 , 7 , 8 , 9  arrays  of engine empirica l  f a c t o r s  
5 va lues  of  engine speed SflO.O
5 values  of exhaust  to  i n l e t  pre ssure r a t i o  8 f l 0 . 0  
25 va lues  of d e l i v e r y  r a t i o  based on swept volume 
as a func t ion  of ves and a r l .  13 f6 .0  
5 values  of engine diagram e f f i c i e n c y  
5 va lues  of fmep as a* func t lon  of ve s .  SflO.O 
5 va lues  of turbine speed as a func t ion  of  ve s .
nominal . 
degrees  a f t e r  
top dead cen tre  
open period
f i r s t  e s t imate  to s t a r t  i t e r a t i o n ,  
turb ine data  
nozz l e  o u t l e t  diameter  
t i p  rotor diameter at  entry ,  
o u t i r  diameter at  e x i t ,  
inner (hub) diameter at e x i t ,  
v o lu t e  throat  area
SflO.O
SflO.O
c not same for the two turbine  mo d e l s . i f  l tu -
c rb*1 , imedlate entry area ,*0,mln e f f e c t i v e  area
c b2 blade angle  at  rotor  entry .
c bp3 blade p i t c h  at  e x i t . ( d i s t a n c e  advanced in 1 rev)
c bt2 ro tor  entry  blade th i cknes s
c — turb ine data
c bblmax maximum nozz l e  w id th . zero  for  n o z z l e l e s s u n i t
c bb2s width Just upstearm of rotor  entry
c bb2r width Just downstream of rotor entry
c psi cone a g l e  at rotor e n tr y , u s u a l l y  p i / 2
c f f f l ow  lo s s  po ly t rop ic  e f f i c i e n c y
c not same for  the two turbine model s. pr e s en t l y
c *0 .8  for i turb*l  and *0.4 for  i turb*0
c t f  r l c empir ical  bearing l o s s  f ac tor
c bt3o blade th i cknes s  a t  rotor e x i t , o u t s i d e
c bt3 i blade th i cknes s  at  rotor e x i t , i n s i d e
c — turb ine  data
c dO vo lu te  i n l e t  diameter
c d l l nozz l e  o u t l e t  diameter
c ski Incidence gain m u l t i p l i e r  (ar<1.0)
c sk2 inc idence  gain m u l t i p l i e r  ( ar>1.0)
r cf 1 c o e f t .  of f r i c t i o n  of s ta t i o na ry  ducts






c f i r  l o s s  f ac tor  of rotor
c f l p  floww lo s s  index
c --------- card 13 turbine data
c nb nO. of  blades,CCcard 13 must be removed i f  blade
c th i c kn es s e s  are not spec i f l ed 33
c --------- card 14 data common to a l l  runs SflO.O
c r gas cons tan t  k j /kg .k
c ca lv a l  c a l o r i f i c  value of fue l
c pa atmospheric  pressure
c ta atmospheric  temperature
c tu engine water temperature
c e a i r  co o l er  e f f e c t i v e n e s s
c s f ca  no of  turbochargers
c  card 15 va r i a b l e  geometry s p e c i f i c a t i o n s
c resmax max. r e s t r i c t i o n  required,  s e t  to  zero f o r f i x e d
c geometry opera t ion,  but rmjfo & rmjfr musthave some
c a rb l ta ry  non-zero va lues .
c rmjfo boost  r a t i o  a t  which throat  i s  required to  be ’ Just '
c f u l l y  open
c rmjfr boost  r a t i o  a t  which throat  i s  required to  be ' j u s t '
c f u l l y  r e s t r i c t e d
c  card 16 contro l  markers 8011
c lmark s e t  t o  1 for  error  d ia g n os t i c  output on f i r s t  run
c metout s e t  t o  1 for  b r l t l s h  output data
c l ou t  marker for  output .  * 1 for array pr in tout  each run.
c l outp t  no of  f i n a l  pr in tout  cop i e s .
c icomp code of  compressor to be used,  must be 1 or 2.
c l turb  0 or 1 , turbine s e l e c to r
c  card 17 ihead heading for printout  over r e s u l t s  20a4.
card 18 onwards ind iv idual  data for  each run SflO.O
es  eng ine  speed
fprev fu e l  input per mln * 10000 / rev per min
x inj  ang le  atdco for s t a r t  of i n j e c t i o n ,  degrees
d in j  crank angle  durat ion of in j e c t i o n  degrees
c a2 turbine  nozz le  angle


































C u n n i r ; n  i _ io  L i L s m  i t b L u r T  i ? l t u i m u j c : i a ;:g i :k i 0 9 119 5 9 5
nu mb er  o f  c y l i n d e r s  
C o n - r o d  l e n g t h  
a m b i e n t  t e m i e r a t u r e  
C o m p r e s s i o n  r a t i o
k )
e n g i n e  s p e e d ( r . p . m )  
b o o s t  p r e s s u r e  r a t i o  
t r a p p e d  a / f  r a t i o  
d e 1 i v e r y  r a t i o  
man i  f o l d  t emp (
e n g i n e  p o w e r  (
e n g i n e  t o r g u e  (
b .  m. e .  p 
s . f . c .  C k g s / kw h r  )
b . t  h e r m a l  e f f . 
f u e l  /  r e v  ( k ^ .  )
max c y l  p r e s s u r e  C b a r  . )
max c y l  t e m p e r a t u r e ( d e y  k ) 
e x h a u s t  t e m p e r a t u r e ( deg  k )
■leg k )  
k w.  )
n . m . ) )
( b a r  )
p e r c e n t a g e  h e a t  t o  c o o l a n t  
c o m p r e s s o r  p r e s s u r e  r a t i o  
d e l i v e r y  t emp er  a t  u r e  ( de. j  k )  
d e l i v e r y  p r e s s u r e  ( b a r  )
c o m p r e s s o r  s p e e d  ( r . p . m . )
v o 1ume f 1ow (Cu f t  /  ra in)
c o m p r e s s o r  p o w e r  ( kw.  )
c o m p r e s s o r  e f f i c i e n c y
t u r b i n e  s p e e d  ( r . p . m )
t u r b i n e  p o w e r  ( k w )
e f f e c t i v e  t u r b i n e  e f f i c i e n c y  
t r a c t  o f  f l o w  t h r o  t u r b i n e .
f i r s t  s t e p
f i n a 1 s t e p
p r e s s u r e  r a t i o ,  
n . d .  t o r g u e  
n . d .  mass f l o w ,  
n . d . s p e e d  
e f  f i c i e n c y .  
p r e s s u r e  r a t i o ,  
n . d .  t o r  |ue  
n . d .  mass f l o w ,  
n . d . s p e e d  
e f f i c i e nc  y .
c o m p r e s s o r  mass f 1o w ( k g / m i n ) 
d e l e v e r e d  a i r  t o  f u e l  r a t i o  
v . g .  n o z z l e  w i d t h  ( m . , i .  )
c o o l e r  e f f e c t i v e n e s s  
e n g i n e  d i a g r a m  f a c t o r  
s t a r t  o f  i n j e c t t o n ( d e j . )  
d u r a t i o n  o f  i n j e C t i o n ( J e u . )  
t u r b i n e  n o / / l o  o n _ , 1 c ( d e j . )
6 . 0
0 . 2 1 7 7 8  
2 9 8  . 8
1 6 . 3 0
1 0 0 0 . 0 0  
1 . 3 5 3  
1 9 . 9 6 2  
0 . 8 9  7 
2 9 2 . 2 6 1  
118.88 
1 0 9 7 . 0 7  
1 3 . 7 6 7 2  
0 . 1 3 2  
0 . 9 5 7 5  
3 . 8 9 2  
1 1 2 . 3 1  
2 2 2 2 . 9 1  
3 8 7 . 5 1
2 1 . 1 3  
1 . 8 0 7 5  
39 3 . 5 8  
1 . 3 9 1
5 0 7 8 2 . 2  
5 . 8 0  
5 . 5 8 1  
0. u 13
5 0 7 8 2 . 2
bore (
i n l e t  v a l v e  c l o s i n g  ( 
h e a t  l o s s  f a c t o r  
c o m b u s t i o n  r a t e  f a c t o r
1 2 6 0 .  
1.  
2 0 . 
0.  
2 9 6 .  
151 .  





1 2 1 . 
2 1 8 3 .  








3 9 9 1
180





1 5 0 0 .  
1. 
2 8 . 
0.  
3 0 1 .  
1 78 .  





1 3 3 .  
2 0 0 2 . 








2 2 3 0
179











3 0 7 .
186 ,






1 8 5 2 .
8 3 5 ,
0 . 1 3  
1 9 3 . 0  
1 . 0 0 0 0  
0 . 0 5 0 0
s t r o k e  ( m )
c o m p r e s s o r  s c a l e  f a c t o r  
a m b i e n t  p r e s s u r e  ( b a r  ) 
t u r b i n e  f l o w  l o s s  f a c t o r
0 .  1 3 6 0 0  
1 . 0 0  
0 . 9 9 0 0 0  
0 . 8 0 0 0
00
0 2 9  
5 8 5  




3 9 3 9
192





2 1 0 0 . 
2.  
3 3 .  
0.  
3 1 2 .  
19 2 .  





13 1 .  
1 7 8 1 .  








9 8 8 9
199





1 7 . 8 5  
1 . 5 8 8 3  
3 6 0 . 0 0  
1 . 5 6 9  
SPS0K.6 
8 . 0 3  
1 0 . 3 1 0  
0 . 6 3 5
5 ° 5 0 8 . 6
1 8 . 2 7  
1 . 9 0 5 6  
3 7 6 .  11 
1 . 8 8 3
7 8 0 8 8 . 0
1 1 . 3 0  
1 8 . 0 7 2  
0 . 7 3 8
7 8 0 8 8 . 0
1 2 . 1 3  
2 . 1 5 9 6  
3 8 8 . 6 7  
2 . 1 3 5
8 3 5 0 6 . 2  
1 8 . 9 9  
2 7 . 6 6 8
0 . 7 7 3
8 3 5 0 6 . 2
1 0 . 9 0
2 . 3 0 8 9
3 9 7 . 0 8
2 . 2 7 8
9 0 1 0 3 . 3  
1 8 . 1 6  
3 6 . 8 9 9
0 . 7 7 8
9 0 1 0 3 . 3





0 . 0 0





0 . 0 0
0 . 0 0
o.oc
0 . 0 0  
0.0000 
0 . 0 0  
0.000 
0 . 0  









0 . 0 0





0 . 0 0
0 . 0 0
0 . 0 0
0 . 0 0
0.0000












0 . 0 0





0 . 0 0
0 . 0 0
0 . 0 0
0 . 0 0
0.0000







5 . 0 8 8 1 0 . 8 3 9 1 8 . 3 2 2 2 7 . 8 9 8 3 6 . 9 1 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . (>53 0 . 6 6 8 0 . 6 8 6 0 . 6 2 3 0 . 6 0 1 0 . 0 0 0 o . o o o 0 . 0 0 0
1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 8 5 3 1 . 5 3 3 1 . 8 3 7 2 . 1 3 8 2 . 8 2 6 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 8 3 1 9 1 . 9 3 3 5 1 . 9 7 2 6 1 . 9 8 0 1 1 . 9 6 7 2 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
2 6 8 . 5 0 1 7 2 7 0 . 8 3 7 ? 2 7 9 . 5 9 8  7 2 8 2 . 3 6 1 1 2 8 2 . 2 2 0 6 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
15 7 2 . 8 2 0 6 1 8 6 3 . 8 1 2 5 2 8 5 1 . 8 2 5 0 2 8 8 6 . 5 1 1 2 3 1 9 2 . 9 5 8 6 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 .  u.6-1 0 . 6 7 3 0 . 6 6 7 0 . 6 3 9 0 . 6 1 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 1 1 8 1 . 2 2 3 1 . 8 7 5 1 . 7 9 7 2 . 1 2 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 0 8 33 0 . 3 7 8 6 0 . 3 1 0 9 1 . 2 2 2 0 1 . 8 8 6 2 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
8 3 . 8 9 8 ? 1 5 5 . 1 1 9 1 2 1 1 . 5 9 3 5 2 8 5 . 9 8 3 1 2 6 2 . 3 0 8 8 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
1 6 2 2 . 8 2 2 1 1 9 ? 1 , 5 8 ? 8 2 5 1 3 . 3 9 9 3 2 9 8 8 . 3 1 9 9 3 2 8 5 . 8 8  0 3 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 . 1 9 1 0 . 5 1 5 0 . 5 6 C 0 . 5 8 b 0 . 5 8 3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
6 . 8 0 9 . 8 0 1 3 . 2 8 1 7 . 5 7 21 . 2 8 0 . 0 0 0 . 0 0 0 . 0 0
1° . -W. 20  . 6 6 ?8  .  98 2 9 . 5 8 3 3 . 3 0 0 . 0 0 0 . 0 0 0 . 0 0
1 3 . 5 0  0 0 1 3 . 5 0 0 3 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 0 . o o o c o . o o o o 0 . 0 0 0 0
0 . 9 0 ^ 9 0 . 8 7 2 6 0 . 8 3 9 3 0 . 8 0 2 2 0 . 7 7 l b 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
C .  °  0 0 0 . 9 u t> 7 0 . 9 5 2 7 0 . 8 9 0 0 0 . 0 8 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
3 0 2 . 3 6 3 8 0 . ° 9 30 3 . 8  3 3 9 0 . 7 5 3 9 2 . 2 5 0 . 0  0 0 . 0 0 0 . 0 0
1 8 . 2 1 2 9 . 0  0 2 0 .  16 2 0 . 5 0 2 1 . 5 0 0 . 0  0 o . o o 0 . 0 0




























CUMMINS L10 D C E 
0.0000000 0.0000000 0.0000000 
0.0000000 0.0000000 0.0000000 
0.0000000 0.0000000 0.0000000 
0.0000000 0.0000000 0.0000000
440.0000 1259.0000 1350.0000  
105.7 105.7
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d a ta  Input c a r d s .
cards 1 and 2 engine data 8f10.0
(N
I cyl no of cy l in der s
bore cy l inder  bore diameter
st rk s troke
conlen connect ing  rod length
dvi i n l e t  value  diameter
dve exhaust  valve  diameter
cr nominal compression ra t i o
etmax maximum engine torque
xevc ang le  of exhaust  va lve c l o s in g nominal .
x ivc angle  of i n l e t  valve  c lo s in g degrees  a f t e r
xevo ang le  of exhaust  valve  opening top dead cen tre
xivo ang le  of i n l e t  valve  opening open period
xk empir ical  combustion rate  fac tor - approx value  0.1
aor If bypass o r i f i c e  area ( sq in)
q l f empir i ca l  heat  l o s s  f ac t or .
card 3 and 4 gearbox data
cgr compressor gear r a t i o
tgr turb ine gear r a t io
ogr output  sha f t  gear ra t io
cge compressor gear e f f i c i e n c y
tge turbine  gear e f f i c i e n c y
oge output sha f t  gear e f f i c i e n c y
cg f t  compressor gearing f r i c t i o n  torque ( l b . f t )
t g f t  turbine  gear ing  f r i c t i o n  torque
4 o g f t  output  sha f t  gearing f r i c t i o n  torque















i n i t i a l  engine speed,  pref erab ly  0 .0  
5 values  of engine speed SflO.O
5 va lues  of exhaust  to  In l e t  pressure  r a t i o  8 f l 0 . 0  
25 values  of d e l i ve r y  r a t i o  based on swept volume 
as a func t ion  of ves and a r l .  13 f6 .0
5 values  of in j e c t i o n  timing as a func t ion  of fprev
5 va lues  of In je c t i on  durat ion as a func t ion  of 
f prev
v a l u e s  o f  d i a g r a m  f a c t o r  a s  a ( u n c t i o n  ot v es
no
n
18 fo 5 values of fmep as a* func t lon  of  ve s .  SflO.O
19 vosr 5 va lues of r a t i o  of output sha f t  speed to  engine  speed
20 votr 5 vaklues  of r a t i o  of output sha f t  torque to engine  torque
21 ve t 5 values of engine torque












c card 23 , 24 turbine data SflO.O
c
c 23 dl  diameter a t  vo lu te  e x i t  tongue or nozz l e  e x i t ,
c d2t  rotor  t i p  diameter,
c d3o rotor  outer  e x i t  diameter,
c d31 Inner (hub) diameter at  e x i t .
c a vo lu te  enyry a re a (nozzl e  l e s s ) or nozz l e  ang le ,
c b2 blade angle at  rotor  entry .
c bp3 blade p i t ch  at  e x i t . ( d i s t a n c e  advanced in 1 rev)
c bt2 ro tor  blade th i cknes s  a t  entry .
c
c 24 bbl passage depth a t  rotor entry ,
c bb2s s t a to r  passage width at  rotor  en try ,
c bb2r rotor  passage width at  en try ,
c ps i  cone angle  with a x i s ,
c f f  f l u i d  f r i c t i o n  fa c t o r ,
c t f r i c  mechanical  f r i c t i o n  fa c to r ,
c bt3o blade th i ckness  at  rotor e x i t  ( o u t e r ) ,
c bt31 blade th i cknes s  at  turbine e x i t  ( i n n e r ) ,
c
card 24a nb number of turbine b lades .
only  Input i f  any blade th i cknes s  va lues  g iven
c card 25 data common to a l l  runs SflO.O
c
c r gas constan t  l b f . f t / lb m .d eg  r
c c a l v a l  c a l o r i f i c  value  of fue l
c pa atmospheric pressure
c ta atmospheric  temperature
c tw engine water temperature
c e a i r  coo l er  e f f e c t i v e n e s s
r tim delay  In In je c t i on  timing
c s c fa  compressor s c a l e  f ac tor
c
c card 26 contro l  markers 8011
c ------------------------------------------------------------
c
c lmark s e t  to  1 for  error d ia g n o s t i c  output on f i r s t  run
c Jmark se t  t o  1 for d ia g n os t i c  Information from engine sub
c metln s e t  to  1 for metric ( s i )  input data
c metout s e t  to  1 for metric ( s i )  output data
c iou t  marker for output .  » 1 for array pr in tout  each run. c o n t i n u e d
c loutpt  no of  f i n a l  printout  cop i e s .
c card 27 format 15







l i m i t  l i m i t  on number of  i t e r a t i o n s  for  each loop  
card 28 ihead heading for  pr in tout  over r e s u l t s  
card 29 onuards ind iv idual  data for  each run
C
c
c os output  sha f t  speed
c et engine  torque
c es engine  speed
c t g r 1(2) turbine  gear r a t i o
c tlm d e lay  in in j e c t i o n  t iming

































c u m i n s  i n  : c r 30 26 24 24
nu mb er  u f  Cf  1 i n  l e r s 6 . 0 t - o r e ( m . m . )  125 . 0 3  s t  r o k e ( m. m .  ) 136 . 1
C u n - r p O  l e n g t h  ( an. in.) 2 1 7 . 7 . i n l e t  v a l v e c 1 os i ng ( d c a s  ) 193 . 0  c o m p r e s s o r  s c a l e  f a c t o r 1 .  H
a m b i e n t  ter"i  e r a l u r e  ( :JeQ k ) 3 1 3 . 3 a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 8 4  c o o l e r  e f f e c t i v e n e s s 0.1
c o m p r e s s i o n  r a t i o 1 6 . 3 0 e n g i n e  J i a g r a n  f a c t o r 0 . 9 2 6 3  t u r b i n e  f l o w l o s s  f a c t o r O. i
------ -- c o m p r e s s o r  g e a r r a t i o  9 . 5 5 0 0 o u t p u t  s h a f t  g e a r  r a t i o  1 . 4 4 5 0  - - - - -
e n g i n e  s p e e d ( r . 1. . m) 14 7 5 . 0 0 1 3 0 5 . 0 0 1 1 4 0 . 0 0 1 0 0 0 . 0 0 1 8 0 5 . 0 0 1 6 5 5 . 0 0 1 5 2 5 . 0 0 1 3 7 5 . 0 0
b o o s t  1 r e s s u r e  r j t  i o • 1 .623 3 . R3<> 2 . 9 4  0 1 . 9 8 0 3 . 6 3 5 2 . 9 6 8 2 . 3 2 7 1 . 4 7 3
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 0 . 7 5 6 31 .  0 P6 3 1 . 3 5 4 3 7 . 3 1 2 2 8 . 5 8 8 2 9 . 0 1 3 3 1 . 7 1 7 3 4 . 5 4 5
d e I i  ve  r > r a t i o 0 .  354 0 . 0 5 4 0 . 8 5 4 0 . 8 5 3 0 . 8 5 3 0 . 8 5 2 0 . 8 5 2 0 . 8 5 2
m a n i f o l d  t emp ( k ) 3 5 5 . 2 5 2 3 4 2 . 6 9 2 3 2 9 . 4 2 6 3 1 7 . 1 2 8 3 5 2 . 0 1 8 3 4 0 . 3 3 4 3 2 8 . 4 2 7 3 1 7 . 2 3 3
e n g i n e  1 o w er  ( k w.  ) 24  0 . 2 9 1 8 0 . 1 9 1 2 0 . 0 7 5 9 . 9 8 2 4 0 . 0 7 1 8 0 . 0 1 1 1 9 . 9 9 5 9 . 8 8
e n g i n e  t o r q u e  ( n . m .  ) ) 1 5 5 5 . 0 1 1 3 1 8 . 8 7 1 0 0 6 . 5 0 5 7 3 . 7 1 1 2 7 1 . 3 7 1 0 3 9 . 9 5 7 5 2 . 4 0 4 1 7 . 2 4
b . m . e . p  ( b d r ) 1 9 . 5 0 0 8 1 6 . 5 3 6 1 1 2 . 6 1 3 3 7 .  1 02 8 1 5 . 9 2 8 7 1 3 . 0 2 5 9 9 . 4 2 3 3 5 . 2 1 5 8
s . f . c .  ( k j / k w  h r  ) 0 .  19o 0 .  197 0 . 2 0 1 0 . 2 1 1 0 . 2 0 5 0 . 2 0 8 0 . 2 1 4 0 . 2 3 2
b .  t  tie m e  1 e f f . o . ' ; ? 5 i 0 , 4 2 ' * 2 0 . 4 1 5 7 0 . 3 9 6 1 0 . 4 0 7 6 0 . 4 0 0 5 0 . 3 9 0 0 0 . 3 5 9 0
f u e l  /  r e v  ( k g .  ) 5 . 3 2 7 4 . 5  2 r> 3 . 5 2 2 2 . 1 0 5 4 . 5 3 5 3 . 7 7 5 2 . 8 0 4 1 . 6 8 6
wax c y l  p r e s s u r e  ( b a r  . ) 1 7 2 . 1 6 1 4 3 . 4 9 1 1 0 . 3 3 7 3 . 5 6 1 3 6 . 4 2 1 1 3 . 0 5 8 8 . 6 3 5 5 . 8 7
e x h a u s t  to"n e r a t u r e ( d e g  k ) ' > 0 3 . 1 9 8 7 0 . 3 2 8 2 5 . 2 6 7 1 3 . 3 1 9 4 9 . 6 0 9 1 6 . 0 5 8 4 0 . 4 2 7 5 5 . 8 2
mass f l o w  ( k g / n . i n ) 2 0 . 1 6 7 1 8 . 3 5 7 1 2 . 7 9 0 7 . 8 5 4 2 3 . 4 0 4 1 8 . 1 2 7 1 3 . 5 6 5 8 . 0 0 9
p e r c e n t a g e  h e a t  t o  c o o ' a n t 1 0 .  P. 1 1 2 . 5 1 1 5 . 2 3 2 0 . 0 3 1 0 . 9 2 1 2 . 5 2 1 4 . 6 7 1 9 . 7 8
c o m p r e s s o r  speem ( r . p . m . ) 7 1 0 6 . 8 5 5 2 3 . 3 3 9 4 7 . 6 2 6 1 0 . 6 6 6 6 3 . 4 5 2 3 0 . 9 3 9 8 9 . 4 2 5 5 6 . 9
c o m p r e s s o r  p r e s s u r e  r a t i o ■'1.0 7 5 4 . 0 6 4 3 .  146 2 . 1 6 4 3 . 9 2 1 3 . 2 3 1 2 . 5 6 8 1 . 6 8 8
mass f l o w  ( k g / p i n ) 2 5 . 3 7 3 1 9 . 2 6 1 1 3 . 5 9 0 e . s i  1 2 4 . 5 3 7 1 9 . 1 1 9 1 4 . 3 6 9 8 . 5 3 7
c o m p r e s s o r  1 o w e r  ( kw.  ) 1 1 8 . 5 0 7 7 . 5 4 4 2 . 1 2 1 5 . 7 3 9 0 .  1 1 5 7 . 7 4 31 . 6 6 1 1 . 1 1
c o m p r e s s o r  t o r o u e  ( n . 11) 1 5 5 . 2 7 1 3 4 . 0 0 1 0 1 . 3 4 5 7 . 5 3 1 2 9 . 0 8 1 0 5 . 3 7 7 5 . 7 5 41 . 4 6
d e l i v e r *  t e i  t e f a t  o r e  C')e<) l ) 5 8 n . o 9 5 5 1 . 4 2 4 9 7 . 3 7 4 2 3 . 6 4 5 3 0 . e7 4 9 2 . 7 4 4 4 4 . 6 4 391 . 1 0
c o m p r e s s o r  e f f i c i e n c y 0 . 6 4 1 0 . 0 : 1 0 .  OSto 0 . 7 C 0 0 . 6 8 1 0 . 6 9 1 0 . 7 3 6 0 . 6 5 1
I u r b  i ne Si e cu  ( r  . 1 . .  1) 5 4 3 9 4 . 0 5 0 9 . 5 2 . 5 4 4 2 1 C.M 3 0 8 1 1 . 5 5 2 5 1 0 . 1 4 6 9 1 7 .  1 3 9 5 2 1  . 8 2 3 0 9 9 . 7
t u r b i n e  p r e s s u r e  r a t i o • 1 . 7 5 2 3 . 9 . ;  1 3 . 0 2 3 2 . 0 4  1 3 . 7 9 8 3 .  109 2 . 4 4 5 1 . 5 6 6
mass f l o w  ( k g / m  i n ) 2 6 . 16C 1 9 . 8 5  3 1 3 . 9 9 2 8 . 7 2 3 2 5 . 3 5 0 1 9 . 7 4 6 1 4 . 8 0 0 8 . 7 7 1
t u r b i n e  p o w e r  ( k w ) 1 0 6 . 6 0 0 8 . 2 3 3 6 . 0 3 1 1 . 4 1 94 . 0 1 5 9 .  14 3 0 . 9 1 6 . 0 9
t u r b i n e  t o r q u e  ( n . m ) 1 5 . 5 4 1 2 . 7 7 7 . 7 8 3 . 5 4 1 7 . 0 9 1 2 . 0 3 7 . 4 7 2 . 5 2
i n l e t  t e m p e r a t u r e  (uc*_, k) C n . 79 8 5 6 . 9  0 8 0 7 . 9 1 6 9 2 .  8.’J 9 3 2 . 5 5 8 9 6 . 6 5 8 2 0 . 6 5 7 3 5 . 4 7
t u r b i n e  n u z z l e  a n j l e 5 . 9 5 ° 5 . 4 0 7 • . . 9 1 9 4 . 6 1 5 7 . 5 1 9 7 . 1 1 9 6 . 7 1 6 8 . 1 5 3
t u r b i n e  e f f i c i e n c , : .  7 6 0 0 . 7 5  4 0 . 7 3 7 0 . 7 2 4 0 . 7 6  0 0 . 7 5 1 0 . 7 4 1 0 . 7 3 2
o u t p u t  ^ r , o f t  s p e e d  ( rp.m) 1 :)■»:. 00 1 0 5 0 . 0 ' « 1 0 5 0 . 0 0 1 0 5 0 . 0  0 loOO.OO 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0
o u t p u t  S t . . f t  p o w e r  (kv. ) 2 1 2 . 91 1 5 9 . 6 2 1 0 6 . 2 4 51 . 0 3 2 2 8 . 4  0 1 6 9 . 6 2 1 1 0 . 6 6 4 9 . 4 5
o u t p u t  s b . j f t  t o r q u e  ( n . / m ) 1 9 3 5 . 5 1 1 4 5 9 . 1 2 9 6 5 . 7 6 4 0 3 .  8 0 1 3 e 2 . 5 6 1 0 1 1 . 9 5 6 6 0 . 1 7 2 9 5 . 0 0
o u t p u t  sh.* f t  s f c  ( k g / k » . h r ) 0 . 2 2 1 0 . 2 2 2 0 . 2 2 7 0 . 2 4 8 0 . 2 1 5 0 . 2 2 1 0 . 2 3 2 0 .  2u  I
0 u 1 1 u t t h e r m a l  e f f i c i e n c y 0 . 3 7 . . 7 0 .  37* .5 0 . 3 6 7 8 0 . 3 3 6 9 0 . 3 8 7 8 0 . 3 7 7 4 0 . 3 5 9  7 0 . 2 9 6 5
e n g i n e  f u e l  f l o . .  ( k . _ , / i , i n ) 0 . 7  So 9 . V I 0 . 4 0 2 0 . 2 1 1 0 . 8 1 9 0 . 6 2 5 0 . 4 2 8 0 . 2 3 2
d y n a m i c  1 n j cc t i on ( d e g r e e  m ) 3 3 7 . 3 3 4 4.;' , 3 4 2 . 9 3 4 5 . 8 3 3 9 . 0 34 0 . 6 3 4 2 . 6 3 4 5 .  1
J u r a t  i or. u f  i n j e c t i o n 2 8 .  4 2 4 .  >' 1 4 . 1 3 . 9 2 6 . 0 2 2 .  1 1 7 . 8 1 3 . 4
t u r b i n e  n e a r  r a t i o r ( . f 4 B .  n 4 2 .  1 2 9 .  3 3 2 . 8 2 9 . 3 2 4 .  7 1 4 . 4
p r e s s u r e  l o s s  i n  , i t e a O a r ) >. 1 ' ' 5 4 5 0 .  1 !; 3 ; 0 0 . 1 0 3 4 5 0 . 1 0 3 4 5 C. 1 03 4 5 0 . 1  0 345 C . 1 0 3 4 5 0 .  1 0 3 4 5
p r e s s u r e  l o s s  i n  , i p c  t< ( b a r ) ( ' .  1 n 3 15 0 . 1  0 3 0 . 1 0345 0 . 1 03 4 5 0 . 1 0 3 4 5 0 .  1 0 345 0 . 1 0 3 4 5 0 . 1 0  345
p r e s s u r e -  l o s s  i n  , i , c ( b u r ) . 1 f' 5 !'• n . 1 .) t ;•> r.. 10 3 46 ' ) .  1 0 3 . 5 0 . 1 0 3 4 5 0 . 1 0 345 0 . 1 0 3 4 5 0 . 1 0  345
p r e s s u r e  l o s s  i n  1 i p e  ( b a r ) . 1 r Z 4 5 4 . 1 4 3 ;5 0 . 1 O 5 4 5 0 . 1 0 3  :5 0 . 1 0  34 5 t l .  1 ft 34*. 0 .  1 0 3 4 5 0 . 1 0 3 4 5
e n g i n e  i i . e j r o n  f i c t o r , . ' > 2 1 1  1 0 .  9. ;o7'> 0 ..935 6 2 4 , 9 4 0 c 0 0 . 9 0 9 8 5 0 . 9 1 4 3 7 -U., 9 1 0 9 8 0 . 9 2 6 3 5




From data, interpolate for detivery raho at giv%n engine 
speed and initially no pressure drop across engine
Supply initial guess for turbocharger speed
Supply initial guess for compressor a^ass flow  
Hass flow balance begins
Cofl ITERATION SUBROUTINE 
to determine new vabe of 
compressor mass flow
Call ITERATION SUBROUTNE 




CalaJate delivery ratio based on engine swept volume
Compressor -  Engne




ratio virttney pressure catio
Supply initial guess for minimum exhaust pressure
Calcubte new pressure 
ratio across engine Call engine subroutine
Run turbine subroutine 5 tim es in pulse model
eriod 
puke match JEngine-Turbine flow balance loop
H a s s  flow balance completed
I
T/C Rawer balance begins
over 
bncc obt
C a i  ITERATON SUBROUTNE 
to  d e te rm in e  new value of 
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b ) S i m p l i f i e d  p u l s e  c o n f i g u r a t i o n
MAhilFOLD
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v o lu m e
F i g - 2 . 3  T h e  c y c l e  P - V  d i a g r a m
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14-1
X i n j
c r a n k  a n a l e
D in  j
F i g - 2 . 4  F r a c t i o n a l  h e a t  r e l e a s e  a s  
f u n c t i o n  o f  f u e l  i n j e c t i o n
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TEMPERATURE -  K
F i g - 2 . 6  RATIO OF SPECIFIC HEATS r AND SPECIFIC HEAT Cp  
AS A FUNCTION OF TEMPERATURE a  FUEL AIR RATIO.













INPUT TO BRITISH 
UNITS
CALL PIPE MODEL FOR RCX
INTERPOLATE ENGINE 
DIAGRAM FACTOR AND 
FMEP FROM N E
INTERPOLATE I R ■ /  TSE
USING N r (NOT USED)
CALL ENGINE SUBROUTINE 
FOR SWEPT VOLUME
INTERPOLATE FOR BOOST PRESSURE 
RATIO RC BASED ON T E
CALL COMPRESSOR SUBROUTINE 
FOR Mc i : c Tc POWER t  EFFIC.
COMPRESSOR SPEED 4  TORQUE FROM 
GEARING
“  V ogr
Zc * eye * ( 7 J - c g P t ) / c g r
«  -  JiA c g r
C O N T I N U E D  :
SET
A0 < 100







FROM DEL RAT o  g  o
o
PIPE LOSS MOOEL GIVES REX 
COOLER MODEL 
GIVES rm









RATIO GIVES DELIVERY 
RATIO DRS BY 
INTERPOLATION
INLET/EXHAUST PRESSURE 

















SE T o c 20
NEW ANGLE
CALL PIPE MODEL FOR 
EXHAUST PRESS RAT
MIXING MODEL FOR 
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to) The i n t e r a c t i n g  f o r c e  a n d  t h e  s p e e d  r e l a t i o n s h i p  
i n  t h e  e p i c y c l i c  g e a r  t r a i n
F i g - 2 .  8 E p i c y c l i c  g e a r  a n d  i t s  c h a r a c t e r i s t i c s
d p d
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Pr rc from et









factor ed and fmep 
from Ne















call pipe sub 
for dpb,dpc




me from del.raio 
mo=MaxCmc-me,0.lme)




drs from inlet/exh. Pr
c o n t i n u e d














call pipe sub 
for exh.Pr
call engine sub 
for torque


















os torque by gearing 
compute os eff.
determine 
opt. tgrCbest os eff}
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call engine sub 
for swept volume
intrpolate comp. 
Pr rc from et





factor ed and fmep 
f rom Ne










call pipe sub 
for dpb,dpc








me from del.raio 
mo=MaxCmc-me,0.lme}




drs from inlet/exh. Pr
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mixing model for 
exh. enth.,tempT










os torque by gearing 
compute os eff.
c o n t i n u e d
CHAPTER 3 
DETAILED SIM ULATION OF THE TURBOCHARGED 
CUM M INS L 10 ENGINE USING PROGRAM EM AT
In the following extensive computer investigations, the performance of the 
L10 engine in standard build form is simulated, in the first place. Then using these 
results as the base data, the performance with variable geometry turbocharger is 
studied. Finally the effects of changing ambient conditions on the system operation 
are investigated in detail.
Some important data of the engine are listed in Table-3.1. The compressor 
map used is based on the Holset H2C 8650 turbocharger(Fig-3.1) while, for 
convenience, the turbine calculation is based on the Holset H2C 8640 
turbocharger(dimensions being known and previously used with the Leyland engine 
T L ll)  which are scaled to suit the present need(with a turbine nozzle angle of 
23deg. rather than 26deg.).
The experimental performance data on the limiting torque curve(Table-3.2) 
of this engine are based on data supplied by the company; and on simulations using 
program SPICE.
In view of the inherent nature of the program as described in chapter 2 some 
im portant empirical parameters have to be adjusted in simulating a specific engine. 
Calculations have been carried out w ith various values of the mixing rate constant 
xk and the heat loss factor qlf. the final choice is xk=0.05 and qlf=1.5, which gives 
most satisfactory results. In order to match the operation of the turbocharger with 
the highest possible accuracy, the turbine flow loss factor(polytropic efficiency) is 
altered to 0.72 instead of 0.80 as used in most earlier calculations.
It should be noted that in all the following cases, simulation is only 
performed on the limiting torque curve.
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3.1 Base Line Results(Standard Ambient Conditions)
(Pa=0.99bar, Ta=294.4K)
The predicted performance data are shown in Table-3.3. The major operating 
parameters are engine speed and fueling(fuel/rev), i.e. 1000rpm-349.2mg/rev; 
1260rpm-361.2mg/rev; 1500rpm-353.2mg/rev; 1800rpm-330.3mg/rev and
2100rpm-304.2mg/rev. In order to assess the quality of the prediction, relevant 
data from Table-3.2(experimental) and Table-3.3(predicted) are grouped together to 
form Table-3.4. The table is divided into five sets according to the dilferent 
operating conditions. To assist analysis some selected parameters are plotted in Fig- 
3.2(a,b,c).
а ) lt can be seen that very good agreement has been achieved between 
experimental and predicted brake power, torque, BMEP(Fig-3.2a), bsfc and brake 
therm al efficiency(Fig-3.2b), all w ith differences of under 3%. Although slightly 
bigger differences are produced in terms of maximum cylinder pressure, exhaust 
temperature(Fig-3.2c) and heat(loss) to coolant(Table-3.4), they are still quite 
acceptable. Generally, experimental maximum cylinder pressure and heat to 
coolant are higher than predicted values while, conversely, exhaust temperature is 
lower.
б)Relatively significant discrepancies exist in turbocharger operating 
parameters, especially for turbocharger speeds(Fig-3.2c). A t lower engine speeds 
predicted values are lower(52518rpm cf. 57790rpm at engine speed of lOOOrpm). 
The .difference decreases with increasing engine speed. Eventually predicted values 
exceed those from experiments.
As a direct result, compressor pressure ratio and boost ratio(Fig-3.2a) vary in 
a similar fashion, although not strictly in phase. However the variation of air/fuel 
ratio is comparatively irregular(Fig-3.2b).
cX)ver the entire engine speed range, predicted compressor and turbine 
efficiencies are better than experimental ones. Also the calculated turbine pressure 
ratios exceed the experimental values(Table-3.4). However, the predicted values 
here represent the theoretical maximum pulse pressure ratio whereas the measured 
values are averaged over the complete cycle. As is known, in pulse turbocharging, 
turbine inlet pressure rises rapidly during the blowdown period. After reaching a 
peak value, it falls gradually to its minimum level at the beginning of the exhaust 
process unless pronounced pulse inteference from other cylinders is present. In
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general this is not the case with 6 cylinder in line engines. In the analytical model 
used in EMAT, instantaneuos mixing of the gases in the cylinder and exhaust 
manifold at EVO is assumed; thereafter turbine inlet pressure falls progressively 
from its highest value in five steps to its lowest level at the end of he process. 
Therefore the pressure ratio in the first step will be higher than the averaged value. 
Obviously the variation of turbine pressure ratio is a continuos process and the 
simplified procedure adopted will inevitably introduce errors. Further, the program 
as a whole is a simplification of a very complex process, and inaccuracies can also be 
introduced in the numerical presentation of the compressor and turbine map. etc.
d jl t  also can be seen that the difference in inlet manifold temperature is 
relatively significant. This may be due to the specificaton of charge cooler medium 
temperature. Lower predicted values of inlet temperature suggests that a higher 
charge coolant temperature is required. However, in view of the very accurate 
prediction regarding other important parameters, no further attem pt was made.
The engine operating lines based on experiment and prediction are located in 
the compressor map Fig-3.1. It can be seen that the two lines are in substantial 
agreement.
At this stage, it is necessary to stress clearly some criteria with which the 
system performance obtained in the ongoing sectios w ill be judged. Firstly, the base 
line data w ill be used as the standard data and the ambient conditions under which 
this base line results are obtained will be designated standard ambient conditions, 
which are temperature of 294K(21deg.C) and pressure of 0.99bar. Secondly, the 
values of some critical parameters under thess standard conditions, such as 
maximum cylinder pressure, maximum exhaust temperature and maximum 
turbocharger speed, will be used as their respective limiting values under the same 
conditions when some other parameters of the system are varied(e.g. in turbine 
matching), although these values may not be realistic. In the present case, the 
maximum cylinder pressure is 131bar,the maximum exhaust temperature is 817K 
and the maximum turbocharger speed is 85320rpm.
3.2 Effects o f  Variable Geometry Turbocharging 
(under Standard Ambient Conditions)
3.2.1 Effects o f  Turbine Match
a )In the following, calculations are carried out for two cases* each with a
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different turbine nozzle angle(turbine size), one smaller(18deg. cf. 23deg.) than the 
standard value and the other larger(28deg. cf. 23deg.), with other data being fixed. 
In particular, the standard fuelling schedule as set out in Table-3.3, as well as the 
standard ambient conditions, are retained. The results are shown in Table-3.5(small 
turbine) and Table-3.6(large turbine). Some performance data from these two tables 
together w ith those from the standard results are graphically presented in Fig- 
3.3(a,b.c).
In Fig-3.3a the brake power and BMEP are increased w ith the smaller turbine 
but decreased w ith the large turbine over the greater part of the operating region, 
especially in the low speed region. At the high speed end. differences are small, the 
standard build having the highest value, followed by the large build and then the 
small build(power: 187.12kw, 188.27kw, 185.77kw; BMEP: 10.677bar, 10.74bar, 
10.601bar; in order of decreasing turbine nozzle angle). However, the more 
significant point is that as turbine nozzle angle decreases, the maximum BMEP 
increases and moves toward lower engine speed(l2.7bar, 1500rpm; 13.0bar, 
1300rpm; 13.4bar, 1260rpm again in decreasing nozzle angle order,with resultant 
torque backup of 19.8%, 21% and 25.5%). It can also be seen from Fig-3.3a that 
boost pressure ratio increases with decrease of turbine nozzle angle over the entire 
engine operating range becoming more significant at high speeds. In Fig-3.3b, The 
variation of thermal efficiency is similar to that of power and BMEP due to constant 
fuelling, while bsfc varies in the opposite sense(minimum bsfc: 197 g/kw.hr, 
1550rpm; 195 g/kw .hr. 1350rpm; 192 g/kw .hr. 1300rpm). The variation of air/fuel 
ratio is very similar to that of boost ratio. From all these results, it seems that the 
match w ith the small turbine is the best one in terms of bsfc, torque back up and 
air fuel ratio. In Fig-3.3c the variation of exhaust temperature from the three 
matches gives the same indication(low exhaust temperature implying low thermal 
load). However, when looking at the plots of maximum cylinder pressure and 
turbocharger speed, this is no longer the case. With the small turbine the maximum 
cylinder pressure increases to 146bar at 1750rpm from the standard value of 
132bar at 1700rpm, and the turbocharger speed from 85320 to 95163rpm at rated 
engine speed. As stated earlier(section 3.1), this is not allowed. Therefore 
appropriate measures have to be taken to ensure that the limits are not exceeded. 
The match w ith the large turbine results in very poor performance, w ith lowest 
economy, highest exhaust temperature, and lowest torque(BMEP). The only 
favourable features are lowest cylinder pressure and turbocharger speed with the 
potential of increasing the fuelling at high speed to produce more power, although it
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may not be realistic, for a reasonable torque backup is always necessary for an 
automotive engine.
At this stage it is appropriate to discuss the fundamental reasons for these 
results in some detail. For this purpose, the performance data for the three matches 
at engine speeds of lOOOrpm and 2100rpm are selected in Table-3.7.
As turbine nozzle angle decreases, the pressure ratio across the turbine 
increases(1.411, 1.448, 1.548 for the first pulse step at lOOOrpm). This results in 
increased turbine power and hence turbocharger speed, compressor pressure ratio 
and mass flow. As a consequence, the following changes take place in engine 
performance: A ir/fuel ratio is increased(l7.7, 18.4 and 19.95 at lOOOrpm), resulting 
in lower cycle temperature and lower heat loss to coolant: higher boost leads to 
higher cylinder pressure and higher back pressure. If the effects of higher cylinder 
pressure and lower heat loss outweigh those of lower cycle temperature and higher 
pumping work due to high back pressure, engine efficiency will increase and vice 
versa. It can be observed that at low speeds favourable effects are produced with 
decreasing nozzle angle, engine efficiency increasing from 0.3842 to 0.3968 and then 
to 0.4225 at lOOOrpm. However, at high speed the results are not very clear cut, but 
usually excessive back pressure will increase the pumping work substantially with 
the smaller turbine.
bfTo make the comparison more realistic, the fuelling with the smallest 
turbine match is modified so that turbocharger speed and maximum cylinder 
pressure are confined within the limits set by the standard match(giving a 
maximum turbocharger speed of 85320rpm at 2100rpm engine speed and maximum 
cylinder pressure of 132bar at 1700rpm engine speed, Table-3.3), i.e. the fuelling at 
some operating points is reduced if necessary. The results are presented in Table-3.8 
and Fig-3.4(a,b,c)(together with the results for the other two unchanged matches). 
Clearly, the system performance at high speeds has deteriorated significantly. The 
BMEP is reduced w ith substantial loss of power(134kw at 2100rpm cf. 188kw for 
the standard rated) and the economy is poor(bsfc of 216g/kw.hr cf. 204g/kw.hr at 
2100rpm). The maximum cylinder pressure can also be adjusted by varying the 
injection timing. However, this can also affect turbocharger speed due to its 
influence on exhaust energy. In this preliminary study, only fuelling is adjusted.
c/The above analyses show that w ith different turbine matches, the 
performance characteristics of the system will be significantly altered. For a specific 
fixed geometry turbine match, the quality of operation of the system will vary over
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the entire speed range. At a particular engine speed, if the turbine selected is too 
small, excessive boost and pumping work will result. There is also the possibility of 
excessive cylinder pressure(at high load) and of turbocharger overspeed(at high 
engine load and speed). However, if the turbine is too large, it w ill not be possible to 
extract sufficient power from the exhaust for the necessary boost. The air/fuel ratio 
may be too low(especially at low speed), with increased smoke emission, and the 
exhaust temperature too high. Therefore a better match can be obtained with a 
variable geometry turbine whose swallowing capacity can be adjusted continuosly 
as required by controlling its effective flow area.
3.2.2 Synthesized VG Turbocharged Engine Operation
In the following, the performance of the system with a variable nozzle 
turbine is explored. In the calculation, the engine is also run under the same 
conditions(standard as in Table-3.3; defined by speed and fuelling) and only the 
turbine nozzle angle is varied. The nozzle angles at different speeds are obtained so 
that best performance is achieved while maximum cylinder pressure and 
tubocharger speed do not exceed the highest in the standard operation. Since in the 
previous calculations, change of turbine nozzle angle at the high speed end did not 
lead to any appreciable improvement in system operation(not as expected that 
larger turbine would lead to better results, probably because the fuelling is matched 
to the standard turbine), no alterations were made to the turbine nozzle angle at 
engine speeds of 1800rpm and 2100rpm. The synthesized results are shown in 
Table-3.9. As can be seen the turbine nozzle angle is reduced gradually with 
decreasing engine speed, limited by maximum cylinder pressure rather than 
turbocharger speed. The results are also shown in Fig-3.5(a,b,c)(with standard 
ones). As a consequence of rematching, the performance at low speeds is improved. 
Maximum BMEP is increased to 13.35bar at 1260rpm w ith a nozzle angle of 19 deg. 
from 13bar at 1300rpm. Very high BMEP is retained all the way down to the 
lowest speed of 1000rpm(13.13bar)(Fig-3.5a). Low speed boost was significantly 
increased(Fig-3.5a). The same is true for air/fuel ratio(23.72 cf. 18.4 at lOOOrpm) 
and bsfc(191.2g/kw.hr cf. 210g/kw.hr at 1000rpm)(Fig-3.5b). On the other hand, 
maximum cylinder pressure has increased, to approximately its base line limiting 
value of 131bar all over the low speed region(Fig-3.5c). Turbocharger speed has also 
increased but remains well below the limiting value(Fig-3.5c). A very prominent 
feature of the results is that the engine efficiency actually increases in the direction 
of decreasing speed(Fig-3.5b).
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Limiting torque operation under fixed and variable geometry turbocharging is 
plotted in Fig-3.6 on the compressor map. Selection of small nozzle angles at lower 
speeds causes the compressor pressure ratios and mass flows to rise. It appears that 
at an engine speed of lOOOrpm the operating point is slightly closer to the 
compressor surge line but sufficient margin is still retained. However, if the 
application of variable turbocharging leads to unstable operation of the 
compressor(e.g. due to substantial uprating of the system), or the flow range of the 
compressor is too narrow, then a variable geometry compressor has to be adopted. 
However, some practical tests on compressors w ith variable diffuser guide vanes 
indicate that while the dangers of surge can be averted, there are no improvements 
in overall system efficiency[l5].
3.3 System  Performance nnder Varying Am bient Conditions
Vehicle engines are required to work under changing ambient conditions. This 
means that the properties of air before the compressor will vary, thus affecting the 
mass flow through the system. As is well known, the engine capacity is largely 
dictated by the air charge to be trapped in the cylinder, the engine performance will 
vary accordingly. In the following, the effects of changing ambient conditions, i.e. 
pressure(relating to altitude) and temperature, on engine operation are considered.
3.3.1 Operation at AltitudeC1250m and 3000m)
a)F ixed  Geometry Turbocharging  When the engine is working at 
altitude, the ambient pressure will be lower, leading to reduction in mass flow due 
to lower air density. However, if the fuelling is unchanged, the air/fuel ratio will 
be lower, resulting in higher cycle temperature and exhaust temperature(within 
limits). In addition, low ambient pressure implies low turbine exit pressure, which 
contributes to increasing expansion ratio across the turbine. Under these 
circumstances, turbine specific power may increase. Ultimately turbocharger speed 
and compressor pressure ratio will increase. This increase in pressure ratio will 
result in higher air density at compressor discharge and. therefore, mass flow 
through the system. As a consequence, the effects of low ambient pressure will be 
partially offset.
It should be noted that in the usual matching process, allowance is made for 
the increase in turbocharger speed at altitude, so that the system will work within 
permissible limits under all possible conditions.
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In this part of the investigations, calculations were performed w ith ambient 
pressures of 85% and 70% of that under standard conditions, corresponding to 
altitudes of 1250m and 3000m respectively; while the ambient temperature is 
retained at its standard value. Also, the fuelling schedule is retained. The results are 
shown in Table-3.10 and Table-3.11. Fig-3.7(a.b.c) show some important 
parameters, as set out before, under these two ambient pressures together with 
those for standard conditions. In Fig-3.8 the limiting torque operating lines of the 
system under different conditions are superimposed on the compressor map.
In order to investigate the changes in terms of system performance, the 
results at an engine speed of 2100rpm are discussed in detail. First, as expected, the 
compressor mass flow rate decreases with increasing altitude(l8.87kg/m , 17.22kg/m 
and 15.53kg/m), although not by as much as the decrease in ambient pressure 
itself(l 7.22/18.87=0.912 cf. 0.85 and 15.53/18.87=0.823 cf. 0.70). The 
compensating effects of the turbocharger is clearly demonstrated. As can be seen, 
turbine pressure ratio is increased with decreasing ambient pressures(2.325, 2.553 
and 2.871 at the first pulse step), as does the turbine power(30.8kw, 32.5kw and 
34.1kw) and speed(85320rpm, 89844rpm and 97552rpm).
Due to the assumption of constant fuelling, the air/fuel ratio is 
decreased(29.5, 27.0 and 24.3, Fig-3.7b) but is still not critical. The decrease in 
cylinder pressure(l24.5bar, 118.1bar and 111.4bar, Fig-3.7c), the increase in cycle 
temperature, the increasing exhaust temperature and back pressure, all interact with 
each other, resulting in slight deteriotation in engine efficiency(0.4097, 0.4040 and 
0.3972, Fig-3.7b). The performance of the system at this speed is quite acceptable, 
w ith little derating(power: 188.2kw, 185.62kw and 184.3kw, Fig-3.7a).
However, at lower speeds, low air/fuel ratio becomes critical(18.4, 16.5 and 
16.0 at lOOOrpm), and this has a strong influence on engine performance. These and 
other adverse effects lead to a noticeable reduction in engine efficiency(0.3968, 
0.3663 and 0.2918 at lOOOrpm).
Fig-3.7a shows that generally the power loss increases w ith decreasing 
ambient pressure, from small percentage reduction at high speed to significant 
reduction at low speed. The effect on the variation of BMEP is even more striking, 
the performance of the system being severely impaired. W ith decreasing ambient 
pressure maximum BMEP of 13.2bar at 1300rpm is reduced to 12.8bar at 1450rpm 
and then to 12.2bar at 1500rpm, the resultant torque backup being 22.9%, 20.75% 
and 17.2%, while at the same time the speed at which peak torque occurs, increases.
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Fig-3.7b shows that system performance has severely deteriorated with 
decrease in ambient pressure(efficiency and bsfc). particularly at low engine speed, 
indicating the strong effects of low air/fuel ratio.
In Fig-3.7c. the increase of turbocharger speed is more marked at high engine 
speed. Boost pressure(Fig-3.7a) and air/fuel ratio(Fig-3.7b) follow similar patterns. 
The variations of maximum cylinder pressure on the one hand and exhaust 
temperature on the other, follows opposite trends(Fig-3.7c), w ith a particularly 
marked decrease in maximum cylinder pressure from 110 to 88bar, accompanied by 
an increase in exhaust temperature from 790K to 920K, at the lowest engine 
speed( lOOOrpm).
In Fig-3.8, it can be seen that the increase in compressor pressure ratio with 
altitude moves the operating point at the lowest engine speed(lOOOrpm) towards the 
surge line, but the situation is not critical in the present case. Nevertheless, due 
attention has to be paid to this fact in the matching process.
It can be seen that the variation in ambient pressure has a profound effect on 
the operation of the system and proper consideration has to be given in the matching 
process in order to achieve the best conpromise.
bjVariable Geometry Turbocharging a t A ltitude  Referring the plots for 
BMEP in Fig-3.7a, if a rematch is considered in order to alleviate the effects of 
altitude, then a smaller turbine is needed. As a result, more power can be extracted 
at low engine speed with greater mass flow. However, at high speed the operation 
may suffer from excessive back pressure and overspeed of the turbocharger. Again, 
as an ideal solution, variable geometry turbocharging can overcome the associated 
problem. If sufficient turndown ratio is available, suitable mass flow can be obtained 
under all conditions. In Fig-3.7c. the maximum cylinder pressure decreases with 
altitude, and turbocharger speed decreases with decreasing engine speed, indicating 
increasing margin over which turbine rematch can be considered. This means that 
boost ratio and turbocharger speed can be increased to a varying extent as necessary 
at different operating points to increase mass flow, w ithout exceeding any of the 
operating limits which have to be imposed.
In the following, variable geometry turbocharging at an altitude of 3000m is 
considered. As before, the limiting conditions are set such that the maximum 
cylinder pressure never exceeds that under standard conditions while the highest 
permissible turbocharger speed is set equal to that for the standard build
-46-
turbocharger at 3000m altitude,
A set of preliminary turbine nozzle angle schedules and the corresponding 
system performance are presented in Table-3.12. In Fig-3.9(a,b,c), the results for 
variable geometry turbocharging at sea level and at altitude are presented together 
w ith the base line results, i.e. for fixed geometry turbocharging at sea level, as set 
out in Table-3.3 and Fig-3.2(a,b,c). In order not to exceed the maximum 
turbocharger speed the nozzle angle at the maximum engine speed of 2100rpm is 
unchanged at 23deg. As can be seen in Fig-3.9a, system performance has been 
improved greatly, especially at low speeds, with power and BMEP exceeding the 
base line results over a significant operating range and being comparable to those 
w ith variable geometry turbocharging under standard condition. The variations of 
efficiency, bsfc and air/fuel ratio display similar characteristics(Fig-3.9b). These 
result from the very high turbocharger speed which is maintained over the entire 
operating range(Fig-3.9c) accompanied by the correspondingly high boost 
ratio(Fig-3.9a). It can be seen from the comparison between Table-3.12 and Table- 
3.1 l(fixed nozzle turbine) that maximum cylinder pressure has been increased due 
to the high boost ratio while exhaust temperature has beed reduced due to high 
air/fuel ratio. The turbine nozzle angle has been reduced from 23deg. at 2100rpm to 
13deg. at 1000rpm(Table-3.12).
Fig-3.10 shows the limiting torque operating lines of the system at 3000m in 
the compressor map, when FG and VG turbocharged. W ith the latter, the pressure 
ratio is much higher over the whole speed range. Although at an engine speed of 
lOOOrpm, the running condition is near the surge line, an adequate margin is still 
retained.
It may be concluded that VG turbocharging provides a very effective means of 
largely compensating for the adverse effects of altitude operation.
3.3.2 Operation a t Elevated Temperature
When ambient temperature varies, a change in air density results. This will 
reduce the mass flow through the system. In addition, this effect w ill be aggravated 
by the resultant shift in turbocharger operation. Since the specific power of a 
compressor is proportional to the inlet temperature, for the same pressure ratio this 
power will increase w ith increase in inlet temperature. Conversely, for the same 
amount of power supplied, compressor pressure ratio has to decrease in order to 
reach a power balance. Therefore the mass flow w ill be further reduced. On the
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turbine side, inlet pressure is likely to be reduced due to the lower compressor 
pressure ratio. This w ill result in reduced turbine specific power. However, for 
constant fuelling, the exhaust temperature will increase and lead to higher turbine 
power. The ultimate result is a balance between these two factors. If the outcome is 
a reduction in turbine power, the mass flow through the system may suffer a still 
further reduction. Clearly, high ambient temperature is more detrimental to system 
operation than reduced ambient pressure.
a Jin the following calculations the ambient temperature is increased from 
294.4K(21deg.c) to 313.5K(40deg.c) while the ambient pressure retains the 
standard value. Further, the fuelling schedule is unchanged. The corresponding 
results are presented in Table-3.13 and Fig-3.ll(a,b,c) in which the standard results 
are also shown. As can be seen, boost ratio(Fig-3.11a) and air/fuel ratio(Fig-3.11b) 
are decreased. Turbocharger speed is slightly increased due to a small increase in 
exhaust temperature(Fig-3.11c). It also can be seen, by comparing Table- 
3.3(standard) and Table-3.13, that compressor mass flow and turbine power have 
decreased(l7.97kg/min cf. 18.87kg/min and 29.849kw cf. 30.812kw at 2100rpm). 
Owing to the resultant low cylinder pressure and other factors(e.g. lower air/fuel 
ratio), engine efficiency decreases over the entire operating range. Generally, 
however, the extent of deterioration in engine performance is very small. Output 
power is hardly affected( 186.13kw cf. 188.22kw at 2100rpm, Fig-3.1 la ) while best 
efficiency is reduced from 0.4248 to 0.4203 at 1500rpm(Fig-3.11b). The greatest 
reduction in air/fuel ratio appears at 2100rpm(28.14 cf. 29.53) and the difference 
diminishes toward low engine speed. However, although the maximum BMEP is 
only reduced from 13.2bar at 1300rpm to 12.9bar at 1400rpm, the effect of this 
shift in peak torque speed on the system performance can be more significant.
As also can be seen, the effects of elevated temperature on engine performance 
are more or less uniform across the speed range.
Recalling the preceding analyses, the results appear to be surprisingly 
optimistic, w ith the effects of elevated temperature hardly felt by the system. This 
may be explained as follows. Firstly, because the ambient pressure is fixed in the 
present case, the variation in ambient air density follows a constant pressure 
process, i.e. density decreases proportionally w ith temperature rise. Therefore the 
fractional fall in air density at compressor inlet is (l-294.4/313.5)=0.061, a 
relatively small factor. Secondly, the same intercooler coolant temperature is used, 
which is not quite realistic, giving a relatively lower inlet manifold temperature.
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6/Variable geometry turbocharging has also been applied under these 
conditions, the results being presented in Table-3.14 and Figs-3.12a-c. As expected, 
the data are very comparable to those for VG turbocharging under standard 
conditions. In Fig-3.12d, the operating lines with FG and VG are superimposed on 
the compressor map.
3.3.3 System  Operation at Elevated A ltitude and Temperature
a M s a relatively extreme case, the system operation is studied when a 
combination of high altitude and elevated ambient temperature takes place. In the 
calculation an altitude of 1250m and an ambient temperature of 40deg.c are 
assumed. The results for a fixed nozzle turbine(nozzle angle 23deg.) are presented in 
Table-3.15. This is also shown in Figs-3.13(a,b,c), togather w ith the separate results 
for elevated altitudeC 1250m, standard ambient temperature) and elevated ambient 
temperature(40deg.c, standard ambient pressure). As expected, derating(power, 
BMEP in Fig-3.13a) occurs mainly at low engine speeds as a direct result of the 
decrease in air/fuel ratio. This trend is also reflected in the bsfc and efficiency 
curves. The maximum BMEP decreases and moves toward higher engine speed, 
which is comparatively more significant.
6/The results for the variable nozzle angle schedule are presented in Table- 
3.16. Figs-3.14(a,b,c) show the results for variable geometry turbocharging under 
standard conditions(Table-3.3 and Figs-3.2(a,b,c)) and under a combination of 
elevated altitude and temperature. Again, as expected, system performance has 
been substantially enhanced, particularly in the low speed region where the two 
sets of results are quite comparable. In Fig-3.14d, FG and VG operating lines are 
superimposed on the compressor map. At medium speeds boost ratio has been kept 
somewhat lower to avoid exceeding the maximum cylinder pressure limit.
3.4 Summary
a /The operation of the L10 engine under various ambient conditions has been 
studied. As can be seen, the change in ambient conditions can significantly affect the 
system performance. In the present study, only the effects of elevation in ambient 
temperature and of reduction in ambient pressure have been touched upon. Under 
both circumstances the system will be derated, which is of most concern. Under 
increased ambient pressure and elevated ambient temperature, the system will 
operate under favourable conditions in terms of the air mass which could be 
trapped, although it has to be made sure that the maximum cylinder pressure do not
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exceed the limiting value.
Under reduced ambient pressure condition, the problem of the match between 
the engine and turbocharger in the conventional system becomes acute, i.e. under 
low speed operation, insufficient air supply becomes more severe, output power and 
torque backup deteriorating substantially. Due to the compensating effects of the 
turbocharger, derating at high speeds is not as serious as at low speeds.
Under elevated temperature, the system performance deteriorates across the 
entire speed range almost uniformly. Under the combination of reduced ambient 
pressure and elevated temperature, the problem will be aggravated.
b )The effects of VG turbocharging on system performance have also been 
studied. Within the limits set out in the base line data, introduction of VG 
turbocharging can significantly enhance the system performance, by increasing the 
low speed boost, hence power and efficiency. Most importantly, torque backup is 
substantially improved.
VG turbocharging becomes even more significant when the system is operating 
under changing ambient conditions. The adverse effects which occur w ith the 
conventional turbocharging system have almost been eleminated and high 
performance is retained.
s i
The present investigations have been carried out for a fixed fuelling schedule 
and the objective has been limited to obtaining an improved limiting torque curve, 
hence torque backup. Undoubtedly, low load operation can also be improved with 
VG turbocharging, and this has indeed been shown to be the case[l4]. Also, 
uprating can be achieved with VG turbocharging, w ith some modifications to the 
system. W ith the provision of a VG compressor, even higher power density can be 
achieved[l7].
c/The program EMAT has been used throughout the investigation. It can be 
seen that EMAT is a very effective tool in simulating a turbocharged engine system 
with reliable accuracy and acceptable computing economy.
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Cummins L 10-250 en g in e  data
Number o f  c y lin d e r 6
C y lin d er  bore 0 . 125m
Stroke 0 . 136m
C on necting  rod le n g th 0.21778m
I n l e t  v a lv e  d iam eter 0.0556m
Exhaust v a lv e  d iam eter 0.0556m
Com pression r a t io 1 6 .3
V alve t im in g  r e la t iv e to  TDC
in  th e  open p e r io d :
EVC 3 d eg rees ATDC
IVC 193 d egrees AT DC
EVO 495 d eg rees  ATDC
IVO 701 d eg rees ATDC
T a b le -3 .1  A l i s t  o f  im portant param eters o f  LIO en g in e
T a b l e - 3 .  2 COMPARISON BETWEEN EXPERIMENT! r e s u l t s  and  s p i c e  p r e d ic t i o n s  
USING WIEBE FUNCTION AS HEAT RELEASE MODEL 
( CUMMINS L 1 0 -2 5 0  T/C  )
EXP- SPICE EXP. SPICE EXP. SPICE
Nob Speed RPM 
Load X 
Fuel Flow lb / h  
Fue l /Shot  mg 
Timing BTDC deg 
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37.40
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T a b l e - 3 .3  Base l i n e  r e s u l t s  (a= 23deg .)
CUMMINS L10 DIF.3CL ENGINF, llOLRCT H£C TIJRnOCHARGEt:
number o f  c y l i n d e r s  6 . 0  bore  C
c on -r o d l e n g t h  C m )  0.2177® i n l e t  v a l v e  c l o s i n g  C
aubi ent  t e s i  e r a t u r e  ( deg k ) 294 .4  heat  l o s s  f a c t o r
c o m p r e s s i o n  r a t i o 16.30 c o m b u s t  i ori r a t e  f a c t o
e n g i n e  s p e e d ( r . p - . n ) 1000.00 1260.00 1500.00
b o o s t  p r e s s u r e  r a t i o 1.367 1 .570 1.754
t r a p p e d  a / 1  r a t i o 10.382 20.191 22.905
d e l i  v e r y  r a t  i o 0.850 0.648 0.852
M a n i f o l d  t emp ( d e g  k ) 312.422 315.370 310.946
e n g i n e  p o w e r  ( k w.  ) 99.64 137.44 161.84
e n g i n e  t o r q u e  ( n . m .  ) ) 951.44 1042.01 1030.28
b . m . e . p  ( b a r  ) 11.9402 13.0762 12.9290
s . f . c .  ( y / k w  h r  ) 210.278 196.609 196.421
b . t h e r m a l  e f f . 0.3968 0.4201 0.4248
f u e l  /  r e v  ( k g .  ) 3.492 3 .612 3.532
mas c y l  p r e s s u r e  C b a r  . ) 111.27 122.63 130.15
a « x  c y l  t c m p e r a t u r e C d e g  k ) 2255.21 2191 .05 2082.96
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 795.76 815.15 816.88
p e r c e n t a g e  h e a t  t o  c o o l a n t 33.50 27.11 23.06
c o m p r e s s o r  p r e s s u r e  r a t i o 1.4107 1.6355 l . e4 25
d e l i v e r y  t e u p e r a t u r e C d e y  k ) 338 .57 355.74 370.16
d e l i v e r y  p r e s s u r e  ( b a r  ) 1.398 1.618 1.812
c o m p r e s s o r  s p e e d  ( r . p . m . ) 52518.4 64277.3 73259.3
v o l u m e  f l o w  ( c u  f t  /  m i n ) 5 .48 7 .84 10.36
c o m p r e s s o r  p o w e r  ( k w.  ) 4 .739 9.421 15.363
c o m p r e s s o r  e f f i c i e n c y 0 .693 0 .729 0.746
t u r b i n e  s p e e d  ( r . p . m ) 52510.4 64277.3 73259.3
t u r b i n e  p o w e r  ( k w ) 4.848 9 .603 15.579
e f f e c t i v e  t u r b i n e  e f f i c i e n c y . 0.591 0.504 0.576
f r a c t  o f  f l o w  t h r o  t u r b i n e . 1.000 1 .000 1.000
f i r s t  s t e p ,  p r e s s u r e  r a t i o . 1.448 1.621 1.825
n . d .  t o r y u e 1.4953 1.6108 1.6898
n . d .  mass f l o w . 244.1671 254.5593 261.3642
n . d . s p e e d 1630.7065 2027.0258 “2380.4644
e f f i c i e n c y . 0.614 0.612 0.599
f i n a l  s t e p .  p r e s s u r e  r a t i o . 1.135 1.202 1.487
n . d .  t o r g u e 0.0411 0.3374 0.7111
n . d .  mass  f l o w . 83.1574 152.7862 199.9163
n . d . s p e e d 1679.4153 2085.5766 2440.8715
e f f i c i e n c y . 0.145 0.417 0.500
c o m p r e s s o r  mass f 1o w ( k g / m i n ) . 0 .42 9 .19 12.14
d e l e v e r e d  a i r  t o  f u e l  r a t i o 18.38 20 .19 22.91
v . g .  n o z z l e  w i d t h  ( m . id.  ) 13.5000 13.5000 13.5000
c o o l e r  e f f e c t i v e n e s s 0.9152 0 .8026 0.R513
e n g i n e  d i a g r a m  f a c t o r 0.9850 0.9660 0.9515
s t a r t  o f  i n j e c t i o n ( d e g . ) 342.36 340.89 340.43
d u r a t i o n  o f  i n j e c t i o n ( d « g . ) 18.21 20.00 20 .16
t u r b i n e  n o z z l e  a n y l e ( d e j . ) 23.00 23.00 23.00
152 109 545
m ) 0 .13  s t r o k e ( m ) 0.13600
d eg s  ) 193 .0 c o m p r e s s o r  f a c t o r  1 . 00 0 . 0 0  1 . 0 0
1.5000 a m b i e n t  p r e s s u r e ( b a r  ) 0.99000
0 . 0500 t u r b i n e  f l o w  l o s s f a c t o r 0.7200
1800.00 2100.00 0.00 0.00 0.00
1.905 1.979 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
26.346 29.531 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0.856 0.862 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
323.525 327.770 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
178.57 188.22 0 . 0 0 0.00 0.00
947.35 855.88 0.00 0.00 0.00
11.8883 10.7405 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
199.766 203.643 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0.4176 0.4097 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
3.303 3 .042 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
131.20 124.45 0.00 0.00 0.00
1957.19 1845.42 0 .00 0.00 0.00
809.69 794.36 0 .00 0.00 0.00
19.95 18.00 0 . 0 0 0.00 0 . 0 0
2.0241 2 .1302 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
382.99 391.63 0.00 0.00 0.00
2.003 2 .114 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
80641.4 85319.8 0 . 0 0.0 0 . 0
13.37 16.10 0.00 0.00 0 . 0 0
23.189 30.650 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0.747 0.735 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
80641.4 85319.8 0 . 0 0.0 0 . 0
23.457 30.812 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0.564 0.552 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
2.087 2 .325 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1.7587 1.7915 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
266.1638 267.7513 0 . 0 0 0 c 0 . 0 0 0 0 0 . 0 0 0 0
2 70 5 . 4C16 *2926.7527 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0.579 0.561 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1.773 2 .045 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1.0991 1.3483 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
232.7703 248.4794 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
2760.3827 2973.8706 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0.532 0.537 0 . 0 0 0 0 . 0 0 0 0.080
15.66 18 . e7 0 .00 0 .00 0.00
26.35 29 .53 0 . 0 0 0.00 0.00
13.5000 13.5000 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0.8147 0.7823 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0.9300 0.9250 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
340.75 342.25 0 .00 0 .00 0 . 0 0
2 0.5C 21.50 0 .00 0 .00 0.00
23.00 23.00 0 .00 0.00 0.00
T a b l e - 3 . 4
EXPERIMENTAL ANO PREDICTED L I MIT ING TORQUE CURVE OF CUMMINS L 1 0 - 2 5 0  T/C ENGINE 
s s s s x s s s s s s s s s r z s s s s c s s s s s s x s s s t t s s s i i s a s s s a a s i s s s s s s s t s i t s s s s i s s i s s s s s s i s s s s s
SET NUMBER 1 I 2 3 4 I 5
PARAMETERS axp. pr e d . I ax p . p r a d . ax p. p r a d . a x p . p r a d . I a x p . p r a d .
ENGINE
s p a a d ( r p a ) 1000. 00 1260 . 00 1 5 0 0 . 00 1 8 0 0 . 00 2 1 0 0 . 00
boost  P.  r a t i o 1 . 4 7 1 . 3 6 7 I 1 . 5 9 1 . 5 7 1 . 7 3 1 . 7 5 4 1 . 8 3 1 . 9 0 5 I 1 . 9 3 1 . 9 7 9
t r a p p a d  A/F r a t i o 1 7 . 0 7 1 8 . 3 82 | 2 0 . 6 4 2 0 . 1 91 2 4 . 0 8 2 2 . 9 0 5 2 6 . 6 0 2 6 . 3 4 6 I 2 9 . 4 8 2 9 . 5 3 1
■ an.  T (1C) 3 2 4 . 0 0 3 1 2 . 4 2 | 3 2 6 . 0 0 3 1 5 . 3 7 3 3 0 . 0 0 3 1 8 . 9 5 3 3 3 . 0 0 3 2 3 . 5 3 | 3 3 7 . 0 0 3 2 7 . 7 7
p o a t r ( k a ) 9 9 . 6 2 9 9 . 6 4 I 1 3 4 . 6 1 3 7 . 4 9 1 6 0 . 5 7 1 6 1 . 8 4 1 7 9 . 7 3 1 7 8 . 5 7 | 1 8 6 . 9 2 1 8 8 . 2 2
t o r q u * ( n . a . ) 9 5 2 . 0 9 5 1 . 4 9 I 1 0 2 0 . 2 1 0 42 . 01 1 0 2 2 . 9 1 0 3 0 . 2 8 9 5 4 . 1 9 4 7 . 3 5 | 8 5 0 . 5 8 5 5 . 8 8
BMEP(bar) 1 1 . 9 4 1 1 . 9 4 I 1 2 . 8 0 1 3 . 0 8 1 2 . 8 3 1 2 . 9 3 1 1 . 9 6 1 1 . 8 9 I 1 0 . 6 7 1 0 . 7 4
b s f c ( g / k a . h r ) 2 1 0 . 54 2 1 0 . 00 I 2 0 2 . 3 8 1 9 9 . 0 0 1 9 7 . 9 8 1 9 6 . 0 0 1 9 8 . 2 4 2 0 0 . 0 0 | 2 0 4 . 8 9 2 0 4 . 0 0
b.  t h a r a a l  a f f . ( X ) 3 9 . 9 5 3 9 . 6 8 I 4 1 . 5 6 4 2 . 0 0 4 2 .5 1 4 2 . 4 8 4 2 . 4 2 4 1 . 7 6 I 4 1 . 0 5 4 0 . 9 7
f u a l / r a v  (ag) 349 .2 I 361 . 2 353 . 2 330 . 3 I 304 . 2
■ax c y l  P ( b a r ) 1 1 9 . 9 7 1 1 1 . 2 7 | 1 2 7 . 7 6 1 2 2 . 6 3 1 3 2 . 0 4 1 3 0 . 1 5 1 3 2 . 0 4 1 3 1 . 2 8 I 1 2 9 . 21 1 2 4 . 4 5
ax h .  T(K) 7 8 7 . 0 0 7 9 5 . 7 6 I 8 0 5 . 0 0 8 1 5 . 1 5 7 9 6 . 0 0 8 1 6 . 8 8 7 9 2 . 0 0 8 0 9 . 6 9 | 7 8 4 . 0 0 7 9 4 . 3 6
ha a t  t o  c o o l a n t ( Z ) 35 .31 3 3 . 5 0 I 2 8 . 7 7 27 .11 2 4 . 1 5 2 3 . 0 6 2 2 . 2 8 1 9 . 9 5 | 2 1 . 6 0 1 8 . 0 0
COMPRESSOR
P.  r a t i o 1 . 4 3 1 . 4 1 0 7 I 1 . 5 6 1 . 6 3 5 5 1 . 7 1 1 . 8 4 2 5 1 . 8 5 2 . 0 0 3 I 1 . 9 6 2 . 1 1 4
s p a a d ( r p a ) 5 7 7 9 0 . 0 0 5 2 51 8 . 4 | 6 4 9 8 7 . 0 0 6 4 2 7 7 . 3 7 2 5 6 8 . 0 0 7 3 2 5 9 . 3 7 8 0 4 7 . 0 0 8 0 6 4 1 . 4 | 8 3 8 6 3 . 0 0 8 5 3 1 9 . 8
a f f . ( X ) 6 3 . 0 0 6 9 . 3 I 6 7 . 0 0 7 2 . 9 6 9 . 0 0 7 4 . 6 7 1 . 5 0 7 4 . 7 | 7 2 . 0 0 7 3 . 5
TURBINE
s p a a d ( r p a ) 5 7 7 9 0 . 0 0 5 2 51 8 . 4 | 6 4 9 8 7 . 0 0 6 4 2 7 7 . 3 7 2 5 6 8 . 0 0 7 3 2 5 9 . 3 7 8 0 4 7 . 0 0 8 0 6 4 1 . 4 | 8 3 8 6 3 . 0 0 8 5 3 1 9 . 8
P.  r a t i o 1 . 2 7 1 . 4 4 8 I 1 . 3 5 1 . 621 1 . 4 7 1 . 8 2 5 1 . 5 7 2 . 0 8 7 | 1 . 7 0 2 . 3 2 5
a f f . ( X ) 5 6 . 4 0 59 .1 I 5 5 . 0 0 5 8 . 4 5 5 . 0 0 5 7 . 6 5 4 . 5 0 5 6 . 4 I 5 3 . 5 0 5 5 . 2
T a b l e - 3 .5  The r e s u l t s  w ith  s m a l l  tu r b in e  (a = 1 8 d e g . )
cuMrir. s  l i d  u i f ';tl r? i c i : :h,  Miiusri  112c TinenocMAWRF.r 179 1 35 675
number of c y l i n d e r s  6 . 0
C o n - r o n  I c f t j t f i  ( m ) 0 . 2 1 7 7 ? '
ambient t emp er at ur e  ( rieg k ) 2° 9 . ' l
co"»» r e s s i o n  r a t i o 16 . 30
b o r e  ( m ) 0 . 1 3
i n l e t  w a i v e  c l o s i n g  ( d e n s  ) 1 9 3 . 0
h e a t  l o s s  f a c t o r  1 . 5 0 0 0
c o m b u s t i o n  r a t e  f a c t o r  0 . 0 5 0 0
St  r o k e  ( m ) 0 .  1 36 00
c o m p r e s s o r  f a c t o r  1 . 0 0  0 . 0 0  1 . 0 0
a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 9 9 0 0 0
t u r b i n e  f l o w  l o s s  f a c t o r  0 . 7 2 0 0
e n g i n e  s p e e l ( r . p . n ) 100 0 . 0 0 1 2 6 0 . 0  0 15 00 . 00 1800 . 00 2 1 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
bo os t  p r e s s u r e  r a t i o 1 . 9 8 8 1.811 2 . 0 5 3 2 . 2 3 9 2 . 3 3 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
t rapped a / f  r a t i o 1 ° . ° 5 1 2 3 . 1 9 6 2 6 . 6 2 5 3 0 . 589 3 9 . 1 1 6 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
d e l i v e r y  r a t i o ° .  350 0 . 8 5 0 0 . 3 5 5 0. 861 0. 861 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
m ani f o l d  tenp ( <ieg k) 3 1 3 . 5 5 ° 3 18 . 0 3 9 3 2 2 . °69 3 2 8. 820 3 3 9 . 0 0 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
e n g i n e  i owe r  ( k w. ) 10 b . 1 1 19 0 .7 1 1 69 . 39 1 7 8 . 8° 185 .77 0 . 0 0 0 . 0 0 0 . 0 0
e n g i n e  t o r g ue  ( n.m.  ) ) 1 9 13 . 26 1 0 6 6 . 95 1 096 .  19 9 9 9 . 0 5 8 9 9 . 7 7 0 . 0 0 0 . 0 0 0 . 0 0
b . m . e . p  ( bar ) 1 2 . 715 5 1 3 . 3 8 2 ° 13 . 1237 1 1. 9097 10 .6 010 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
s . f . c .  ( j/!;w hr ) 197.95ft 1 99 . 0 5 7 19 3. 939 1 99 . 907 2 0 6 . 3 2 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
b . t he rm al  e f f . 0 . 9 2 2 5 0 . 9 2 9 ° 0 .9 31 3 0 . 9 1 ft 9 0 . 9 0 99 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
fue l  /  rev ( k j .  ) 3 . 9 9 2 3 . 6 1 2 3 . 5 3 2 3 . 3 0 3 3 . 0 9 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
max cy l  p r e s s u r e  ( bar . ) 1 16 .33 1 3 2 . 5 9 19 2 . 6 6 1 99 .99 1 38 .52 0 . 0 0 0 . 0 0 0 . 0 0
max c yl  t e m p e r a t u r e ( d e g  k ) 2 1 7 1 . 1 9 2 0 5 6 . 9 3 1 9 9 6 . 1ft 1 83 5. 50 17 90 . 70 0 . 0 0 0 . 0 0 0 . 0 0
exhaus t  t e m p e r « t u r e ( d o g  k ) ■"17.39 7 7 7 . 9 ° 7 7 9 . 9 3 7 7 1 . 9 2 7 6 2 . 8 9 0 . 0 0 0 . 0 0 0 . 0 0
p e r c e n t a g e  heat  to  c o o l a n t 31 . 99 2 5 . 0  8 2 1 . 2 3 18 . 95 16 . 76 0 . 0 0 0 . 0 0 0 . 0 0
compressor  p r e s s u r e  r a t i o 1 . 5 3 36 1 . 8 7 96 2. 1501 2 . 3 5 8 9 2 . 9 8 7 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
d e l i v e r y  t e n p e r a t u r e ( J o j  k) 3 5 1 . 0 2 3 76 . 59 3 9 9 . 1 9 9 0 8 . 2 9 9 1 7 . 8 7 0 . 0 0 0 . 0 0 0 . 0 0
d e l i v e r y  p r e s s u r e  ( bar ) 1 . 51 5 1 . 85 8 2 . 1 2 8 2 . 3 3 9 2 . 9 6 9 o . n o o 0 . 0 0 0 0 . 0 0 0
compressor  sp ee d ( r . p . n . ) 5'*272.6 7 3 ° 9 5 . 9 8 3 6 3 5 . 9 9 0 5 1 0 . 8 9 5 1 6 3 . 5 0 . 0 0 . 0 0 . 0
volume f low Ccu ft  /  min) 5 .  *>5 3 . 9 d 12 . 09 15 . 52 18 . 60 0 . 0 0 0 . 0 0 0 . 0 0
compressor  power ( kw. ) 6 . 5 9 2 1 9 . 9 5 ° 2 3 . 5 1 9 3 9 . 5 99 99 . 95 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
comi r c s s o r  e f f i c i e n c y 0 . 6 8 0 0 . 7 1 3 0 . 7 2 6 0 . 7 2 3 0 . 7 19 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
t u r b i n e  s pee a  Cr.p.i . i) 5 9 2 7 2 . 6 7 3 ° 9 5 . 9 8 36 3 5 . 9 9 0 5 1 0 . 8 9 5 1 6 3 . 5 0 . 0 0 . 0 0 . 0
t u r b i n e  power (kw) 6 . 7 1 6 1 9 . 6 76 2 3 . 3 0 3 3 0 . 9 37 9 5 . 3 2 5 0 . 0 0 0 0 . 0 0 0 0 . 0 00
e f f e c t i v e  t u r b i n e  e f f i c i e n c y . 9 . 6 17 0 . 6 1 3 0 . 609 0 . 5 9 3 0 . 58 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f r a c t  of  f low t h r o  t u r b i n e . 1 . 000 1 . 0 0 0 1 .000 1. 000 1 . 000 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f i r s t  s t e p ,  p r e s s u r e  r a t i o . 1 . 5 95 1 . 8 62 2 . 201 2 . 5 9 7 2 . 9 6 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
n . d .  to r gue 1 . 3 9 86 1 . 5 2 3 3 1. 6190 1 . 6997 1 . 733 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d .  mass ft ow. 2 0 6 . 5 8 7 8 2 1 8 . 5 0 3 7 2 2 9 . 1 9 8 2 2 27 . 3 5 1 6 2 2 8 . 2 5 9 8 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d . s p e e d 1380 . 81  17 2 9 2 3 . 3 9 1 9 2 32 3 . 7 1 3 9 319 7. 0061 3 3 6 3 . 6 9 80 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e f f i c i o n c y . 0 . 6 9 6 0 . 6 3 8 0 . 621 0 . 6 0 3 0 . 5 8 6 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f i n a l  s t e p .  p r e s s u r e  r a t i o . 1 . 23 0 1 . 5 1 8 1 . 865 2 . 2 9 6 2 . 7 1 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
n . d .  t o r g u e 0 . 2 2 5 8 0 . 6 7 3 7 1 .0 339 1 . 3330 1 . 51 16 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d .  mass f l o w . 1 13.980ft 1 70 . 5 9 8 9 193 . 55 28 2 1 9 . 6 86 7 2 2 1 . 6 7 8 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . i . s p e e d 1° 3 3 . 9 9 1 6 2 9 8 5 . 1 8 2 3 2 38 7 . 6 1 6 9 3 19 5 . 9 0 9 2 3 9 0 2 . 0 03 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e f f i c i o n c y . 0 . 9 1 5 0 . 5 3 ° 0 . 5 68 0 . 5 7 7 0 . 5 7 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
compressor  n as s  f 1ow( k g / m i n ) . 6 . °7 1 0 . 5 3 19.11 18 . 18 2 1 . 7 9 0 . 0 0 0 . 0 0 0 . 0 0
d e l e v e r e d  a i r  t o  f ue l  r a t i o 19.95^ 2 3 . 1 5 2 6 . 6 2 3 0 . 58 3 9 . 12 0 . 0 0 0 . 0 0 0 . 0 0
v . g .  n o z z l e  w i c t h  ( m. m.  ) 1 3 . 5 0 0 0 1 3 . 5 0 0 0 13 . 5000 13 . 5000 1 3 . 50 00 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
c o o l e r  e f f e c t i v e n e s s 0 . 9 1 3 2 0 . 8 7 8 9 0 .R060 0 . 8 0 8 5 0 . 7 7 7 5 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e n g i n e  diagram f a c t o r 0 . °B 5 9 0 . 9 6 6 0 0 . ° 5 1 5 0 . 9 3 00 0 . 9 2 5 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
s t a r t  of  i n j e c t i o n ( d c j . ) 3 9 2 . 3 6 3 9 0 . 8 ° 39 0 . 9 3 390 .75 3 9 2 . 2 5 0 . 0 0 0 . 0 0 0 . 0 0
d u r a t i o n  of  i n j e c t i o n ( d e n . ) 1.3. 21 2 0 . 0 0 2 0 . 1 6 2 0 . 5 0 2 1 . 5 0 0 . 0 0 0 . 0 0 0 . 0 0
turl  ine n o z z l e  a n _ , l c ( d e j . ) 13 . 00 1 8 . 00 1 3 . 0 0 1 ft .00 1 3 .00 0 . 0 0 0 . 0 0 0 . 0 0
T a b l e - 3 .6  The r e s u l t s  w i th  l a r g e  t u r b in e  (a = 2 8 d e g . )
c i i n r i f . s  l  1 o u i r o r i  f r i c i r : t ,  m i L s r i  11.1 c niRfwcHAwr.ci* 137  120 6 0 0
numb er  o f  c y l i n d e r s 6 . 0 b o r e ( m ) 0 . 1 3  s t  r o k e ( m ) 0 .
c o n - r o r t  l e n j t h  ( m ) 0 . 2 1 7 7 " i n l e t  v a l v e  c l o s i n g  ( dogs  ) 193 . 0  c o m p r e s s o r  f a c t o r  1 . 0 0 0 . 0 0
a m b i e n t  t e m p e r a t u r e  C l eg  k ) 2 ° 4 . 4 h « a t  l o s s f a c t o r 1 . 5 0 0 0  a m b i e n t  p r e s s u r e ( b a r  ) 0 . 1
c o m j r e s s i o n  r a t i o 1 6 .  30 Combus t i on r a t e  f a c t o r 0 . 0 5 0 0  t u r b i n e  f l o w  l o s s  f a c t o r 0 .
e n g i n e  s p o e l l  r . p . n ) 1 0 0 0 . 0 0 1 2 6 0 . 0 0 150 0 . 0 0 1 8 0 0 . 0 0 2 1 0 0 . 0 0 0 . 0 0 o . o o 0 . 0 0
b o o s t  p r e s s u r e  r a t i o 1 . 3 1 1 1 . 4 2 3 1 . 5 6 3 I . 6 8 3 1 . 7 4 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
t r a p p e d  a / f  r a t i o 17 . 66* 1 1 8 . 3 6 8 2 0 . 5 7 0 2 3 . 4 5 4 2 6 . 1 8 7 0 . 0 0 0 0 . 0 0 0 o . o o o
d e l i  v e r y  r a t  i o 0 .  350 0 . 8 1 7 0 . 8 5 2 0 . 8 5 2 0 . 8 5 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
n a n i  f 0 1 <3 temp. ( dcg  k ) 11 1 . . 183 3 1 3 . 8 7 2 3 1 6 . 4 2 6 3 1 9 . 8 9 0 3 2 3 . 4 5 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
e n g i n e  i o n e r  ( k w.  ) 9 6 . 5 2 1 2 8 . 5 4 1 5 3 . 9 9 1 7 6 . 4 9 1 8 7 . 1 2 0 . 0 0 0 . 0 0 0 . 0 0
e n g i n e  t o r g u e  ( n . n .  ) ) ° 2  1 . 6 6 9 7 4 . 2 0 1 0 1 2 . 1 6 9 3 6 . 3 2 3 5 0 . 3 8 0 . 0 0 0 . 0 0 0 . 0 0
b . m . e . p  ( b a r ) 1 1 . ' . 6 5 9 1 2 . 2 2 5 2 1 2 . 7 0 1 6 1 1 . 7 1 9 9 1 0 . 6 7 7 7 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
s . f . c .  ( j / k u  h r  ) . 1 1 7 . 0 8 3 2 1 2 . 4 3 4 1 9 9 . 9 3 0 2 0 2 . 1 2 0 20 4 . 3 9  1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
b . t h e r m a l  e f t . 0 . 3 8 0 3 0 . 3 9 2 7 0 . 4 1 7 3 4 .  4 1 2 C 0 . 9 0 7 3 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
f u e l  /  r e v  ( k j .  ) 3 . 0 9 2 1 . 6 1 2 3 . 5 3 2 3 . 3 0 3 3 . 0 4 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
max Cy l  p r e s s u r e  ( b a r  . ) 10 8 . 0 7 1 1 6 . 5 1 1 2 2 . 4 0 1 2 2 . 1 5 1 1 4 . 6 8 0 . 0 0 0 . 0 0 0 . 0 0
max c y l  t cmpe r  a t u r e  ( ( leg k ) 2 2 9  7 . 0 7 2 2 9 1 . 0 2 2 1 8 9 . . >3 2 0 6 2 . 2 2 1 9 4 3 . 5 4 0 . 0 0 0 . 0 0 0 . 0 0
e x h a u s t  t e m p e r a t u r c f d c g  k ) " 2 0 . 0  3 8 7 6 . 5 ' 1 3 5 1 . 1 9 8 1 5 . 9 6 3 2 9 . 7 2 0 . 0 0 0 . 0 0 0 . 0 0
p e r c e n t a g e  h e a t  t o  c o o l a n t 3 0 . 2 9 2 3 . 6 3 24 . 5 0 21 . 2 5 1 9 . 1 7 0 . 0 0 0 . 0 0 0 . 0 0
c o m p r e s s o r  p r e s s u r e  r a t i o 1 . 3 5 4 6 1 . 4  36." 1 . 6 4 ° 0 1 . 7 9 8 2 I . 3 8 6 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
d e l i v e r y  t e mp er  a t u r c  ( -le j  k ) 1 3 2 . 4 6 3 1 3 . 7 3 3 5 4 . 2 3 3 6 4 . 7 9 3 7 3 . 3 1 0 . 0 0 0 . 0 0 0 . 0 0
d e l i v e r y  p r e s s u r e  ( b a r  ) 1 . 3 3 7 1 . 4 7 4 1 . 6 2 5 1 . 8 0 1 I . 8 6 6 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
com| r e s s o r  s p e e d  ( r . p . m . ) 41)956. /» 5 7 3 1 4 . 3 6 5 6 0 7 . 1 7 2 8 4 5 . 4 7 7 4 0 6 . 3 0 . 0 0 . 0 0 . 0
v o l u m e  f l o w  ( c u  f t  /  m i n ) 5 , 2 6 7 . 1 3 9 . 3 0 1 1 . 9 0 1 4 . 2 8 0 . 0 0 0 . 0 0 0 . 0 0
c o m p r e s s o r  p o w e r  ( k w.  ) 3 .  ° 2 5 6 . 8 ° ? 1 0 . 9 0 2 1 6 . 4 0 5 2 2 . 0 6 2 0.000 0.000 0.000
Com| r e s s o r  e f f i c i e n c y 0 . 7 0 5 0 . 7 2 1 0 . 7 6 1 0 . 7 6 8 0 . 7 4 7 0.000 0.000 0.000
t u r b i n e  s p e e d  ( r . j  . m ) I 8 0 5 6 . 4 5 7 3 1 4 . 3 6 5 6 0 7 .  t 7 2 8 9 5 . 4 7 7 4 0 6 . 3 0 . 0 0 . 0 0.0
t u r b i n e  p o w e r  ( k w ) 4 . 0 1 O 7 . 0 1 5 11 . 8 7 4 1 6 . 6 1 9 2 2 . 2 9 0 0.000 0.000 0.000
e f f e c t i v e  t u r b i n e  e f f i c i e n c y . 0 . 5 6 4 0 . 5 5 2 0 . 5 4 3 0 . 5 3 3 0 . 5 2 4 0.000 0.000 0.000
t r a c t  o f  f l o w  t h r o  t u r b i n e . t . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 0.000 0.000 0.000
f i r s t  s t e p ,  p r e s s u r e  r a t i o . 1 . 4 1 1 1 . 5 0 9 1 . 6 4  4 1 . 8 1 8 1 . 9 9 3 0.000 0.000 0.000
n . d .  t o r  )ue t . 6 1 4 6 1 . 6 8 7 6 1 . 7 2 1 1 1 . 7 560 1 . 8 0 8 2 0.0000 0.0000 0.0000
n . J .  mass f l o w . 2 7 3 . 2 1 7 4 2 3 5 . 9 3 5 0 29  1 . 3 6 2 5 2 9 5 . 7 5 1 2 2 9 9 . 2 2 6 2 0.0000 0.0000 0.0000
n . d . s p e e d 1 5 0 2 . 3 0 0 9 1 7 5 7 . 4 7 7 0 2 0 6 7 . 5 1 3 7 2 3 6 8 . 7 2 8 9 2 5 7 5 . 3 9 4 6 0.0000 0.0000 0.0000
e f f i c i o n c y . 0 . 5 7 4 0 . 5 7 6 0 . 5 6 8 0 . 5 5 0 0 . 5 3 5 0.000 0.000 0.000
f i n a l  s t e p .  p r e s s u r e  r a t i o . 1 . 1 0 2 1 . 1 7 7 1 . 3 0 9 1 . 5 0 3 1 . 7 0 7 0.000 0.000 0.000
n . d .  t o r  jue - 0 . 0 1 5 4 0 . 1 3 2 0 0 . 1 2 9 9 0 . 8 1 8 9 1 . 1 4 8 5 o . o o o o 0.0000 0.0000
n . d .  mass f l o w . 6 1 . 0 2 1 6 l 2 o . 5 1 5 6 1 8 5 . 9 4 6 4 2 3 3 . 6 3 1 9 2 6 2 . 3 0 7 2 0.0000 0.0000 0.0000
n . d . s p e c J 1 5 4 7 . ; . !  05 1 8 1 0 . 1 9 6 " . 2 1 2 4 . 9 9 3 5 2 4 2 4 . 1 3 1 2 2 6 2 5 . 3 3 2 2 0.0000 0.0000 0.0000
e f  f i c i e n c y . - 0 . 0 8 7 0 . 2 5 8 0 . 4 1 1 0 . 4 7 7 0 . 5 0 0 0.000 0.000 0.000
c o m p r e s s o r  n a s s  f 1o w ( k g / m i n ) . 6 . 1 7 8 . 3 6 1 0 . 9 0 1 3 . 9 4 1 6 . 7 3 0 . 0 0 0.00 0.00
d e l e v e r e d  a i r  t o  f u e l  r a t i o 1 7 . 6 6 1 8 . 3 7 2 0 . 5 8 2 3 . 4 5 2 6 . 1 9 0 . 0 0 0.00 0.00
v . g .  n o z z l e  w i c t h  ( m.ra.  ) 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 0.0000 0.0000 0.0000
c o o l e r  e f f e c t i v e n e s s 0 .  d 1 (,2 0 . 8 8 5 2 0 . 3 5 4  7 0 . 3 1 9 5 0 . 7 8 7 4 0.0000 0.0000 0.0000
e n g i n e  d i a g r a m  f a c t o r 0 . 9 8 5 0 0 . 9 6 6 0 0 . 9 5 1 5 0 . 9 3 0 0 0 . 9 2 5 0 0.0000 0.0000 0.0000
s t a r t  o f  i n j e c t  i o n ( d o j . ) 1 4 2 . 3 6 3 4 0 . 8 9 3 4 0 . 1 3 3 9 0 . 7 5 3 4 2 . 2 5 0.00 0.00 0.00
d u r a t i o n  o f  i n j e c t i o n ( d c g . ) 1*1.21 2 0 . 0  0 2 0 . 1 6 2 0 . 5 0 2 1 . 5 0 0 . 0 0 0.00 0.00
t u r b i n e  n o z z l e  un._,1 c ( J e j .  ) 2 3 . 0  0 2 8 . 0  0 2 3 . 9 0 2 8 . 0 0 2 8 . 0 0 0 . 0 0 0.00 0.00
( T a b l e - 3 .7  The r e s u l t s  w i th  v a r io u s  t u r b in e s  ( a = 2 8 ,2 3 ,1 8 d e g . ) a t  1000 & 2100rpm
CUMMINS L10 OltSF.L rrtCIfiF.., IIOLSCT H2C TIJRnOCHARGEn 211 157 785
f
number  o f  c y l i n d e r s 6 . 0 b o r e ( m ) 0 . 1 3  s t r o k e ( m ) 0 .
Con - r o< i  l e n g t h  ( m ) 0 . 2 1 7 7 8 i n l e t  v a l v e  c l o s i n g  ( d e gs  ) 193 . 0  c o m p r e s s o r  f a c t o r  1 . 0 0 0 . 0 0
a m b i e n t  t e m p e r a t u r e  ( d e g  k ) 29<1 . 4 h e a t  l o s s f a c t o r 1 . 5 0 0 0  a m b i e n t  p r e s s u r e ( b a r  ) 0 . "
c o m p r e s s i o n  r a t i o 1 6 . 3 0 c o m b u s t i  on r a t e  f a c t o r 0 . 0 5 0 0  t u r b i n e  f l o w  l o s s  f a c t o r 0 .
e n g i n e  s pe e  d ( r . p . n ) 1 0 0 0 . 0 0 1 0 0 0 . 0 0 1 0 0 0 . 0 0 2 1 0 0 . 0 0 2 1 0 0 . 0 0 2 1 0 0 . 0 0 0 . 0 0 0 . 0 0
b o o s t  p r e s s u r e  r a t i o 1 . 3 1 1 1 . 3 6 7 1 . 0 8 8 1 . 7 0 1 1 . 9 7 9 2 . 3 3 0 0 . 0 0 0 0 . 0 0 0
t r a p p e d  a / f  r a t i o 1 7 . 6 6 5 1 8 . 3 8 2 1 9 . 9 5 1 2 6 . 1 8 7 2 9 . 5 3 1 3 0 . 1 1 6 0 . 0 0 0 0 . 0 0 0
d e l i  v e r y  r a t  i o 0 . 8 5 0 0 . 8 5 0 0 . 9 5 0 0 . 8 5 7 0 . 8 6 2 0 . 8 6 1 0 . 0 0 0 0 . 0 0 0
m a n i f o l d  t emp ( dc<j k ) 31 I . 8 8 3 3 1 2 . 0 2 2 3 1 3 . 5 5 9 3 2 3 . 0 5 9 3 2 7 . 7 7 0 3 3 0 . 0 0 7 0 . 0 0 0 0 . 0 0 0
e n g i n e  p o w e r  ( k w.  ) 9 6 . 5 2 9 9 . 6 0 1 0 6 . 1 1 1 8 7 . 1 2 1 8 8 . 2 2 1 8 5 . 7 7 0 . 0 0 0 . 0 0
e n g i n e  t o r q u e  ( n . m .  ) ) 9 2 1 . 6 6 9 5 1 . 0 9 1 0 1 3 . 2 6 8 5 0 . 8 8 8 5 5 . 8 8 8 0 0 . 7 7 0 . 0 0 0 . 0 0
b . m . e . p  ( b a r ) 1 1 . 5 6 5 9 1 1 . 9 0 0 2 1 2 . 7 1 5 5 1 0 . 6 7 7 7 1 0 . 7 0 0 5 1 0 . 6 0 1 0 0 . 0 0 0 0 0 . 0 0 0 0
s . f . c .  C j / U w  h r  ) 2 1 7 . 0 8 3 2 1 0 . 2 7 8 1 9 7 . 0 5 8 2 0 0 . 8 0 1 20  3 . 6 0  3 2 0 6 . 3 2 2 0 . 0 0 0 0 . 0 0 0
b . t h e r m a l  e f f . 0 . 3 8 0 3 0.396. ' * 0 . 0 2 2 5 0 . 0 0 7 3 0 . 0 0 9 7 o . o o o o 0 . 0 0 0 0 0 . 0 0 0 0
f u e l  /  r e v  ( k j .  ) 3 . 0 9 2 3 . 0 9 2 3 . 0 9 2 3 . 0 0 2 3 . 0 0 2 3 . 0 0 2 0 . 0 0 0 0 . 0 0 0
max c y l  p r e s s u r e  ( b a r  . ) 10 8 . 9 7 111 . 2 7 1 1 6 . 3 3 1 1 0 . 6 8 1 2 0 . 0 5 1 3 8 . 5 2 0 . 0 0 0 . 0 0
max c y l  t c m p e r a t u r e C d e g  k ) 2 2 9 7 . 0  7 2 2 5 5 . 2 1 2 1 7 1 . 1 9 1 9 0 3 . 5 0 1 8 0 5 . 0 2 1 7 0 0 . 7 0 0 . 0 0 0 . 0 0
e x h a u s t  t e m p e r a t u r e C d e q  k 1 8 2 0 . 0  3 7 9 5 . 7 b 7 0 7 . 3 9 8 2 9 . 7 2 7 9 0 . 3 6 7 6 2 . 8 9 0 . 0 0 0 . 0 0
p e r c e n t a g e  h e a t  t o  c o o l a n t 3 0 . 2 9 3 3 . 5 0 3 1 . 9 0 1 9 . 1 7 1 8 . 0 0 1 6 . 7 6 0 . 0 0 0 . 0 0
c o m p r e s s o r  p r e s s u r e  r a t i o 1 . 3 5 0 6 1 . 0 1 0 7 1 . 5 3 3 6 1 . 8 8 6 9 2 . 1 3 0 2 2 . 0 8 7 0 0 . 0 0 0 0 0 . 0 0 0 0
d e l i v e r y  t e m p e r a t u r e ! J e g  k ) 3 3 2 . 0 6 3 3 8 . 5 7 3 5 1 . 0 2 3 7 3 . 3 1 3 9 1 . 6 3 0 1 7 . 8 7 0 . 0 0 0 . 0 0
d e l i v e r y  p r e s s u r e  ( b a r  ) 1 . 3 3 7 1 . 3 9 8 1 . 5 1 8 1 . 8 6 6 2 . 1 1 0 2 . 0 6 9 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  s p e e d  ( r . p . m . ) 0 8 9 5 6 . 0 5 2 5 1 8 . 0 5 9 2 7 2 . 6 7 7 0 0 6 . 3 5 5 3 1 9 . 8 9 5 1 6 3 . 5 0 . 0 0 . 0
v o l u me  f l o w  ( c u  f t  /  nt i n ) 5 . 2 6 5 . 0  8 5 . 9 5 1 0 . 2 8 1 6 . 1 0 1 8 . 6 0 0 . 0 0 0 . 0 0
c o m p r e s s o r  p o w e r  ( k w.  ) 3 . 9 2 5 0 . 7 3 9 6 . 5 9 2 2 2 . 0 6 2 3 0 . 6 5 0 0 0 . 9 5 1 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  e f f i c i e n c y 0 . 7 0 5 0 . 6 9 3 0 . 6 9 0 0 . 7 0 7 0 . 7 3 5 0 . 7 1 0 0 . 0 0 0 0 . 0 0 0
t u r l i n e  s p e e o  ( r . j . n ) 0 8 9 5 6 . 0 5 2 5 1 8 . 0 5 9 2 7 2 . 6 7 7 0 0 6 . 3 8 5 3 1 9 . 8 9 5 1 6 3 . 5 0 . 0 0 . 0
t u r b i n e  p o w e r  ( k w ) 0 . 0 1 9 0 . 8 0 8 6 . 7 1 6 2 2 . 2 9 0 3 0 . 3 1 2 0 5 . 3 2 5 0 . 0 0 0 0 . 0 0 0
e f f e c t i v e  t u r b i n e  e f f i c i e n c y . 0 . 5 6 0 0 . 5 9 1 0 . 6 1 7 0 . 5 2 0 0 . 5 5 2 0 . 5 8 1 o . o o o 0 . 0 0 0
f r a c t  o f  f l o w  t h r o  t u r b i n e . 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 00 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f i r s t  s t e p ,  p r e s s u r e  r a t i o . 1 . 0 1 1 1 . 0 0 8 1 . 5 0 8 1 . 9 9 3 2 . 3 2 5 2 . 9 6 8 0 . 0 0 0 0 . 0 0 0
n .  1. t o r  |uc 1 . 6 1 0 6 1 . 0 9 5 3 1 . 3 0 8 6 1 . 8 0 8 2 1 . 7 9 1 5 1 . 7 3 3 0 0 . 0 0 0 0 0 . 0 0 0 0
rr. -rfr mass  f l o w . 2 7 8 . 2 1 7 0 2 0 0 . 1 6 7 1 2 0 6 . 5 8 7 8 2 9 9 . 2 2 6 2 2 6 7 . 7 5 1 3 2 2 8 . 2 5 9 8 0 . 0 0 0 0 0 . 0 0 0 0
n . d . s p e e d 1 5 0 2 . 3 0 0 9 1 6 3 0 . 7 0 6 5 1 8 8 0 . 8 1 1 7 2 5 7 5 . 8 9 0 6 2 9 2 6 . 7 5 2 7 3 3 6 3 . 6 9 8 0 0 . 0 0 0 0 0 . 0 0 0 0
e f f i c i e n c y . 0 . 5 7 0 0 . 6 1 0 0 . 6 0 6 0 . 5 3 5 0 . 5 6 1 0 . 5 8 6 0 . 0 0 0 0 . 0 0 0
f i n a l  s t e p .  p r e s s u r e  r a t i o . 1 . 1 0 2 1 . 1 3 5 1 . 2 3 0 1 . 7 0 7 2 . 0 0 5 2 . 7 1 0 0 . 0 0 0 0 . 0 0 0
n . d .  t o r q u e - 0 . 0 1 5 0 0 . 0 0 1 1 0 . 2 2 5 8 1 . 1 0 8 5 1 . 3 0 8 3 1 . 5 1 1 6 0 . 0 0 0 0 0 . 0 0 0 0
n . d .  mass  f l o w . 6 1 . 9 2 1 6 8 3 . 1 5 7 0 1 1 3 . 9 8 0 8 2 6 2 . 3 0 7 2 2 0 8 . 0 7 9 0 2 2 1 . 6 7 8 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d . s p e e d 1 5 0 7 . 5 1 0 5 1 6 7 9 . 0 1 5 3 1 9 3 8 . 9 0  16 2 6 2 5 . 3 3 2 2 2 9 7 3 . 8 7 0 6 3 0 0 2 . 0 0 3 0 0 . 0 0 0 0 0 . 0 0 0 0
e f  f i C i e n c y . - 0 . 0 8 7 0 . 1 0 5 0 . 0 1 5 0 . 5 0 0 0 . 5 3 7 0 . 5 7 0 0 . 0 0 0 0 . 0 0 0
com| r e s s o r  mass f 1o u ( k g / m i n ) . 6 . 1 7 6 . 0 2 6 . 9 7 1 6 . 7 3 1 8 . 8 7 2 1 . 7 9 0 . 0 0 0 . 0 0
d e l e v e r e d  a i r  t o  f u e l  r a t i o 1 7 . 6 6 1 8 . 3 3 1 9 . 9 5 2 6 . 1 9 2 9 . 5 3 3 0 . 1 2 0 . 0 0 0 . 0 0
v . g .  n o z z l e  w i c t h  ( u . n .  ) 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
C o o l e r  e f f e c t i v e n e s s 0 . 9 1 6 2 0 . 9 1 5 2 0 . 9 1 3 2 0 . 7 8 7 0 0 . 7 8 2 3 0 . 7 7 7 5 0 . 0 0 0 0 0 . 0 0 0 0
e n g i n e  d i a g r a m  f a c t o r 0 . 9 8 5 0 0 . 9 8 5 0 0 . 9 8 5 0 0 . 9 2 5 0 0 . 9 2 5 0 0 . 9 2 5 0 0 . 0 0 0 0 0 . 0 0 0 0
s t a r t  o f  i n j e c t i o n ( d e j . ) 3 0 2 . 3 6 3 0 2 . 3 6 3 0 2 . 3 6 3 0 2 . 2 5 3 0 2 . 2 5 3 0 2 . 2 5 0 . 0 0 0 . 0 0
d u r a t i o n  o f  i n j e c t i o n ( d e g * ) 1 8 . 2 1 1 8 . 2 1 1 9 . 2 1 2 1 . 5 0 2 1 . 5 0 2 1 . 5 0 0 . 0 0 0 . 0 0
t u r b i n e  n o z z l e  a n j l c ( d o j . ) 2 9 . 0 0 2 3 . 0 0 1 5 . 0 0 2 8 . 0 0 2 3 . 0 0 1 8 . 0 0 0 . 0 0 0 . 0 0
T a b l e - 3 .8  The r e s u l t s  w i th  sm a l l  t u r b in e  (a = 1 8 d e g . ) ,  w ith  a d ju s te d (r e d u c e d )  f u e l l i n g
CUMMINS L10 OIESEL ENGINE, IIOLSCT H2C TUROOCHARGEi: 168 128 6 40
number  o f  c y l i n d e r s 6 . 0 b o r e ( n ) 0 . 1 3  s t r o k e ( m ) 0 . 1 3 6 0 0
c o n - r o d  l e n g t h  ( m ) 0 . 2 1 7 7 8 i n l e t  v a l v e  c l o s i n g  ( de gs  ) 193 . 0  c o m p r e s s o r  f a c t o r  1 . 0 0 0 . 0 0  1 . 0 0
a m b i e n t  t e m p e r a t u r e  ( d e g  k ) 2 9 4 . 4 h e a t  l o s s f a c t o r 1 . 5 0 0 0  a m b i e n t  p r e s s u r e ( b a r  ) 0 . 9 9 0 0 0
c o m p r e s s i o n  r a t i o 1 6 . 3 0 co m b u s t  i on r a t e  f a c t o r 0 . 0 5 0 0  t u r b i n e  f l o w  l o ss > f a c t o r 0 . 7 2 0 0
e n g i n e  s p e e d ( r . p . m ) 1 0 0 0 . 0 0 1 2 6 0 . 0 0 1 5 0 0 . 0 0 1 8 0 0 . 0 0 2 1 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
b o o s t  p r e s s u r e  r a t i o 1 .  ABO 1 . 7 9 4 1 . 9 1 2 2 . 0 5 2 1 . 9 8 6 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
t r a p p e d  a / 1  r a t i o 1 9 . 9 5 1 2 3 . 3 0 8 2 7 . 8 6 4 3 2 . 7 2 5 3 9 . 1 7 3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
d e 1 i v e r y  r a t  i o 0 . 8 5 0 0 . 8 5 0 0 . 8 5 5 0 . 8 5 9 0 . 8 6 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
m a n i f o l d  t emp ( d e g  k ) 3 1 3 . 5 5 9 3 1 7 . 8 8 5 3 2 1 . 1 0 9 3 2 5 . 8 4 5 3 2 7 . 8 9 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
e n g i n e  p o w e r  C k w.  ) 1 0 6 . 1 1 1 3 8 . 2 4 1 4 4 . 6 6 1 5 1 . 7 7 1 3 4 . 2 7 0 . 0 0 0 . 0 0 0 . 0 0
e n g i n e  t o r q u e  ( n . m .  ) ) 1 0 1 3 . 2 6 1 0 4 7 . 6 6 9 2 0 . 9 6 0 0 5 . 1 5 6 1 0 . 5 8 0 . 0 0 0 . 0 0 0 . 0 0
b . m . e . p  C b a r  ) 1 2 . 7 1 5 5 1 3 . 1 4 7 1 1 1 . 5 5 7 2 10. 103e 7 . 6 6 2 2 0 . 0 0 0 0 0 . 0 0 0 0 0 .  0 0 0 0
s . f . c .  ( g /  kw h r  ) 1 9 7 . 4 5 0 1 9 4 . 4 2 1 1 9 6 . 2 8 1 2 0 3 . 1 6 6 2 1 5 . 8 2 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
b .  t h e r m a l  e f f . 0 . 4 2 2 5 0 . 4 2 9 1 0 . 4 2 5 1 0 . 4 1 0 6 0 . 3 8 6 6 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
f u e l / r e v  ( k j .  ) 3 . 4 9 2 3 . 5 5 5 3 . 1 5 5 2 . 8 5 5 2 . 3 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
max c y l  p r e s s u r e  ( b a r  . ) 1 1 6 . 3 3 1 3 1 . 0 5 1 3 0 . 9 8 1 3 0 . 5 8 1 1 4 . 9 3 0 . 0 0 0 . 0 0 0 . 0 0
max c y l  t e m p e r a t u r e C d e g  k ) 2 1 7 1 . 1 6 2 0 4 9 . 0 3 1 8 9 8 . 1 2 1771 . 4 0 1 6 2 5 . 8 9 0 . 0 0 0 . 0 0 0 . 0 0
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 7 4 7 . 3 9 7 7 2 . 9 2 7 4 6 . 7 7 7 3 4 . 6 1 6 9 5 . 9 2 0 . 0 0 0 . 0 0 0 . 0 0
p e r c e n t a g e  h e a t  t o  c o o l a n t 3 1 . 9 4 2 5 . 2 1 2 2 . 0 6 1 9 . 2 8 1 8 . 1 4 0 . 0 0 0 . 0 0 0 . 0 0
c o m p r e s s o r  p r e s s u r e  r a t i o 1 . 5 3 3 6 1 . 8 6 2 2 2 . 0 0 2 5 2 . 1 7 3 4 2 . 1 3 7 7 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
d e l i v e r y  t e t n p e r a t u r e ( de>j k ) 3 5 1 . 0 2 3 7 5 . 0 1 3 8 3 . 0 9 3 9 4 . 1 1 3 9 2 . 2 1 0 . 0 0 0 . 0 0 0 . 0 0
d e l i v e r y  p r e s s u r e  ( b a r  ) 1 . 5 1 0 1 . 8 4 1 1 . 9 8 2 2 . 1 5 3 2 . 1 2 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
C o m p r e s s o r  s p e e d  ( r . p . m . ) 5 9 2 7 2 . 6 7 3 3 0 8 . 5 7 8 8 8 7 . 1 8 5 2 0 5 . 5 8 5 5 4 8 . 8 0 . 0 0 . 0 0 . 0
v o l u m e  f l o w  ( c u  f t  /  m j n ) 5 . 9 5 8 . 9 1 1 1 . 2 5 14.35 1 6 . 1 5 0 . 0 0 0 . 0 0 0 . 0 0
c o m p r e s s o r  p o w e r  ( kw.  ) 6 . 5 9 2 1 4 . 0 6 4 1 9 . 5 4 4 2 8 . 0 1 8 3 0 . 9 2 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  e f f i c i e n c y 0 . 6 8 0 0 . 7 1 5 0 . 7 3 3 0 . 7 3 8 0 . 7 3 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
t u r b i n e  s p e e d  ( r . p . m ) 5 9 2 7 2 . 6 7 3 3 0 8 . 5 7 8 8 8 7 . 1 8 5 2 0 5 . 5 8 5 5 4 8 . 8 0 . 0 0 . 0 0 . 0
t u r b i n e  p o w e r  ( k w ) 6 . 7 1 6 1 4 . 2 7 6 1 9 . 7 9 1 2 8 . 2 7 7 3 1 .  196 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
e f f e c t i v e  t u r b i n e  e f f i c i e n c y . 0 . 6 1 7 0 . 6 1 3 0 . 6 0 6 0 . 5 9 6 0 . 5 9 0 0 . 0 0 0 o . o o o 0 . 0 0 0
f r a c t  o f  f l o w  t h r o  t u r b i n e . 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f i r s t  s t e p ,  p r e s s u r e  r a t i o . 1 . 5 4 3 1 . 8 4 6 2 . 0 5 6 2 . 3 7 5 2 . 5 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
n . d .  t o r g u e 1 . 3 4 8 6 1 . 5 0 9 9 1 . 5 4 1 5 1 . 6 0 4 1 1 . 5 8 8 6 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d .  mass f l o w . 2 0 6 . 5 8 7 8 2 1 7 . 8 8 4 1 2 2 0 . 9 3 3 9 2 2 4 . 4 5 0 2 2 2 4 . 3 3 3 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d . s p e e d 1 8 8 4 . 8 1 1 7 2 4 0 8 . 6 9 0 1 2 7 1 2 . 4 2 9 4 3 0 3 1 . 3 2 2 8 3 1 6 1 . 6 1 8 4 0 . 0 0 0 0 0 . 0 0 0 0 ^ 0 . 0 0 0 0
e f  f  i c i e n c y . 0 . 6 4 6 0 . 6 3 8 0 . 6 2 5 0 . 6 0 8 0 . 5 9 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f i n a l  s t e p .  p r e s s u r e  r a t i o . 1 . 2 3 0 1 . 5 0 8 1 . 7 5 9 2 . 1 1 9 2 . 3 1 5 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
n . d .  t o r g u e 0 . 2 2 5 8 0 . 6 6 3 4 0 . 9 5 7 9 1 . 2 3 6 4 1 . 3 5 6 2 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d .  mass f l o w . 1 1 3 . 9 8 0 8 1 6 9 . 5 9 3 0 1 9 3 . 2 5 0 0 2 1 0 . 0 9 2 7 2 1 5 . 8 6 1 2 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d . s p e e d 1 9 3 0 . 9 4 1 6 2 4 6 9 . 6 1 7 5 2 7 6 6 . 0 5 2 1 3 0 7 5 . 5 4 7 2 3 1 9 3 . 2 1 4 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e f f i c i e n c y . 0 . 4 1 5 0 . 5 3 8 0 . 5 6 7 0 . 5 7 7 0 . 5 8 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  mass f 1o w ( k g / m i n ) . 6 . 9 7 1 0 . 4 4 1 3 . 1 9 1 6 . 8 2 1 8 . 9 2 0 . 0 0 0 . 0 0 0 . 0 0
d e l e v e r e d  a i r  t o  f u e l  r a t i o 1 9 . 9 5 2 3 . 3 1 2 7 . 8 6 3 2 . 7 3 3 9 . 1 7 0 . 0 0 0 . 0 0 0 . 0 0
v . g .  n o z z l e  w i d t h  ( m . m .  } 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
c o o l e r  e f f e c t i v e n e s s 0 . 9 1 3 2 0 . 8 7 8 7 0 . 8 4 8 0 0 . 8 1 1 6 0 . 7 8 2 3 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e n g i n e  d i a g r a m  f a c t o r 0 . 9 8 5 0 0 . 9 6 6 0 0 . 9 5 1 5 0 . 9 3 0 0 0 . 9 2 5 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
s t a r t  o f  i n j e c t i o n ( d e g . ) 3 4 2 . 3 6 3 4 1 . 0 1 3 4 1 . 1 9 3 4 1 . 5 8 3 4 3 . 5 0 0 . 0 0 0 . 0 0 0 . 0 0
d u r a t i o n  o f  i n j e c t i o n ( d e g . ) 1 0 . 2 1 1 9 . 7 5 1 8 . 6 3 1 8 . 8 4 1 8 . 6 5 0 . 0 0 0 . 0 0 0 . 0 0
t u r b i n e  n o z z l e  a n g l e ( d e g . ) 1 3 . 0 0 1 8 . 0 0 1 8 . 0 0 1 8 . 0 0 1 8 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
T a b l e - 3 . 9  T h e r e s u l t s  f o r  s y n t h e s i z e d  VG t u r b o c h a r g i n g  o p e r a t i o
CUMMINS L 10 DIESEL CNCltiC, IIOLSCT M2 C TIlRnnCHARCEf: 159 1 1 9
numb er  o f  c y l i n d e r s  
c o n - r o d  l e n g t h  ( ro )
a m b i e n t  t e m p e r a t u r e  C deg  k 
c o m p r e s s i o n  r a t i o
e n g i n e  s p e e d ( r  . p . i n )  
b o o s t  p r e s s u r e  r a t i o  
t  r a p p e d  a / f  r a t i o  
d e l i  v e r y  r a t i o  
muni  f o l d  t emp  
e n g i n e  p o w e r  
e n g i n e  t o r q u e  
b . m . e . p  
s . f . c .  (
b . t h e r m a I  e f f .  
f u e l  /  r e v  C k g .
max c y l  p r e s s u r e  C b a r  
mux c y l  t e m p e r a t u r e ( d e g  k
6 . 0  b o r e  ( m )
0 . 2 1 7 7 8  i n l e t  v a l v e  c l o s i n g  ( d e g s  )
) 2 9 a . 0 h e a t  l o s s  f a c t o r
1 6 . 3 0  c o m b u s t i o n  r a t e  f a c t o r
C deg  k )
( k w.  ) 
( n . m .  ) )  
( b a r  ) 
g / k w  hp )
e x h a u s t  t e m p e r a t u r e ( d e g  k )
p e r c e n t a g e  h e a t  t o  c o o l a n t  
c o m p r e s s o r  p r e s s u r e  r a t i o  
d e l i v e r y  t e m p e r a t u r e ( d e g  k) 
d e l i v e r y  p r e s s u r e  ( b a r  ) 
c o m p r e s s o r  s p e e d  ( r . p . m . )  
v o l u me  f l o w  ( e u  f t  /  m i n )  
C o m p r e s s o r  p o w e r  ( kw.  ) 
C o m p r e s s o r  e f f i c i e n c y
t u r b i n e  s p e e d  ( r . p . m )
t u r b i n e  p o w e r  ( k w )
e f f e c t i v e  t u r b i n e  e f f i c i e n c y ,  
f r a c t  o f  f l o w  t h r o  t u r b i n e .
f i r s t  s t e p
f i n a l  s t e p
p r e s s u r e  r a t i o ,  
n . d .  t o r g u e  
n . d .  mass f I o w . 
n . d . s p e e d  
e f f i c  i e n c y .  
p r e s s u r e  r a t  i o . 
n . d .  t o r q u e  
n . d .  mass f l o w ,  
n . d . s p e e d  
e f f i c i e n c y .
c o m p r e s s o r  p a s s  f l o w ( k g / m i n )  
d e l e v e r e d  a i r  t o  f u e l  r a t i o  
v . g .  n o z z l e  w i d t h  ( n . m .  ) 
c o o l e r  e f f e c t i v e n e s s  
e n g i n e  d i a g r a m  f a c t o r  
s t a r t  o f  i n j e c t  i o n ( d e g . )  
d u r a t i o n  o f  i n j e c t i o n ( d e g . )  
t u r b i n e  n o z z l e  a n g l e ( d e g . )
0 . 1 3  
1 9 3 . 0  
1 . 5 0 0 0  
0 . 0 5 0 0
s t r o k e  ( m )
c o m p r e s s o r  f a c t o r  1 . 0 0
a m b i e n t  p r e s s u r e  ( b a r  ) 
t u r b i n e  f l o w  l o s s  f a c t o r
3 9 2 . 3 6
1 3 . 2 1
1 3 . 0 0
3 9 0 . 8 9
2 0 . 0 0
1 9 . 0 0
3 9 0 . 9 3
2 0 . 1 6
2 2 . 0 0
3 9 0 . 7 5
2 0 . 5 0
2 3 . 0 0
3 9 2 . 2 5
2 1 . 5 0
2 3 . 0 0
0 . 0 0
0 . 0 0
0 . 0 0
0 . 0 0
0 . 0 0
0 . 0 0
5 9 5
0 . 1 3 6 0 0  
0 . 0 0  1 . 0 0  
0 . 9 9 0 0 0  
0 . 7 2 0 0
1 0 0 0 . 0 0 1 2 6 0 . 0 0 1 5 0 0 . 0 0 1 8 0 0 . 0 0 2 1 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
1 . 7 8 9 1 . 7 7 5 1 . 8 0 2 1 . 9 0 5 1 . 9 7 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
2 3 . 7 2 0 2 2 . 7 0 q 2 3 . 3 9 1 2 6 . 3 9 6 2 9 . 5 3 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 8 5 0 0 . 8 5 0 0 . 8 9 3 0 . 8 5 6 0 . 8 6 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
3 1 6 . 1 7 2 3 1 7 . 6 5 7 3 1 9 . 5 6 3 3 2 3 . 5 2 5 3 2 7 . 7 7 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 0 9 . 5 8 1 9 0 . 9 0 1 6 2 . 3 2 1 7 8 . 5 7 1 8 8 . 2 2 0 . 0 0 0 . 0 0 0 . 0 0
1 0 9 6 . 9 5 1 0 6 9 . 0 8 1 0 3 3 . 3 9 9 9 7 . 3 5 8 5 5 . 8 8 0 . 0 0 0 . 0 0 0 . 0 0
1 3 . 1 3 2 0 1 3 . 3 5 3 1 1 2 . 9 6 7 9 1 1 . 8 8 8 3 1 0 . 7 9 0 5 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
1 9 1 . 1 9 5 1 9 9 . 9 9 0 1 9 5 . 8 9 0 1 9 9 . 7 6 6 2 0 3 . 6 9 3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 9 3 6 9 0 . 9 2 9 0 0 . 9 2 6 0 0 . 9 1 7 6 0 . 9 0 9 7 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
3 . 9 9 2 3 . 6 1 2 3 . 5 3 2 3 . 3 0 3 3 . 0 9 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 2 3 . 9 9 1 3 1 . 0 9 1 3 1 . 8 0 1 3 1 . 2 8 1 2 9 . 9 5 0 . 0 0 0 . 0 0 0 . 0 0
2 0 0 6 . 2 3 2 0 7 9 . 9 3 2 0 6 3 .  16 1 9 5 7 . 1 9 1 8 9 5 . 9 2 0 . 0 0 0 . 0 0 0 . 0 0
7 1 2 . 5 5 7 8 2 . 1 5 8 1 0 . 5 9 8 0 9 . 6 9 7 9 9 . 3 6 0 . 0 0 0 . 0 0 0 . 0 0
2 3 . 9 1 2 5 . 3 5 2 2 . 8 0 1 9 . 9 5 1 8 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
1 . 8 3 2 0 1 . 8 9 2 6 1 . 8 9 0 9 2 . 0 2 9 1 2 . 1 3 0 2 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
3 7 3 . 0 0 3 7 3 . 2 8 3 7 9 . 2 6 3 8 2 . 9 9 3 9 1 . 6 3 0 . 0 0 0 . 0 0 0 . 0 0
1 . 8 1 3 1 . 8 2 1 1 . 8 5 9 2 . 0 0 3 2 . 1 1 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
7 1 9 1 6 . 1 7 2 5 8 0 . 9 7 9 9 9 1 . 9 8 0 6 9 1 . 9 8 5 3 1 9 . 8 0 . 0 0 . 0 0 . 0
7 . 0 7 8 . 8 2 1 0 . 5 8 1 3 . 3 7 1 6 . 1 0 0 . 0 0 0 . 0 0 0 . 0 0
1 1 . 5 7 2 1 3 . 6 2 9 1 6 . 5 3 8 2 3 . 1 8 9 3 0 . 6 5 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 6 6 9 0 . 7 1 7 0 . 7 9 1 0 . 7 9 7 0 . 7 3 5 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
7 1 9 1 6 . 1 7 2 5 8 0 . 9 7 9 9 9 1 . 9 8 0 6 9 1 . 9 8 5 3 1 9 . 8 0 . 0 0 . 0 0 . 0
1 1 . 7 7 8 1 3 . 6 5 9 1 6 . 7 9 5 2 3 . 9 5 7 3 0 . 8 1 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 6 9 2 0 . 6 0 6 0 . 5 8 2 0 . 5 6 9 0 . 5 5 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 8 6 0 1 . 8 1 5 1 . 8 7 5 2 . 0 3 7 2 . 3 2 5 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 2 1 0 7 1 . 5 9 2 3 1 . 6 7 8 9 1 . 7 5 8 7 1 . 7 9 1 5 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
1 6 5 . 9 3 9 7 2 2 6 . 5 0 6 9 2 5 9 . 5 1 2 9 2 6 6 . 1 6 3 8 2 6 7 . 7 5 1 3 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
2 3 9 6 . 9 7 8 8 2 3 6 6 . 5 5 0 9 2 9 5 0 . 6 3 0 6 2 7 0 5 . 9 8 1 6 2 9 2 6 . 7 5 2 7 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 . 6 6 9 0 . 6 3 3 0 . 6 0 9 0 . 5 7 9 0 . 5 6 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 5 3 8 1 . 9 7 1 1 . 5 3 6 1 . 7 7 3 2 . 0 9 5 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 5 9 8 0 0 . 6 1 5 1 0 . 7 7 1 5 1 . 0 9 9 1 1 . 3 9 8 3 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
1 3 9 . 9 3 6 0 1 7 0 . 9 8 9 9 2 0 0 . 8 3 3 9 2 3 2 . 7 7 0 3 2 9 8 . 9 7 9 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
2 9 5 9 . 9 5 3 8 2 9 2 8 . 6 3 1 7 2 5 1 1 . 1 0 8 0 2 7 6 0 . 3 8 2 7 2 9 7 3 . 8 7 0 6 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 . 5 8 3 0 . 5 1 9 0 . 5 1 6 0 . 5 3 2 0 . 5 3 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
8 . 2 8 1 0 . 3 9 1 2 . 3 9 1 5 . 6 6 1 6 . 8 7 0 . 0 0 0 . 0 0 0 . 0 0
2 3 . 7 2 2 2 . 7 1 2 3 . 3 9 2 6 . 3 5 2 9 . 5 3 0 . 0 0 0 . 0 0 0 . 0 0
1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 . 9 0 9 2 0 . 8 7 9 0 0 . 8 5 1 2 0 . 8 1 9 7 0 . 7 8 2 3 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 . 9 8 5 0 0 . 9 6 6 0 0 . 9 5 1 5 0 . 9 3 0 0 0 . 9 2 5 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 . 0 0
0 . 0 0
0 . 0 0
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T a b l e - 3 .1 1  The r e s u l t s  under redu ced  ambient p r e s s u r e  ( a l t i t u d e  o f  3000m; a = 2 3 d eg .)
CUMMINS L 10 DIE3 EL ENGINE, IIDLSCT H2 C TIJRnnCHARGEn 179 119 595
numb er  o f  c y l i n d e r s  6 . 0  b o r e  ( m ) 0 . 1 3  s t r o k e  ( m ) 0 . 1 3 6 0 0
c o n - r o d  l e n g t h  ( m ) 0 . 2 1 7 7 8  i n l e t  v a l v e  c l o s i n g  ( de gs  ) 1 9 3 . 0  c o m p r e s s o r  f a c t o r  1 . 0 0  0 . 0 0  1 . 00
a m b i e n t  t e m p e r a t u r e  ( d e g k ) 2 9 9 . 9  h e a t  l o s s  f a c t o r  1 . 5 0 0 0  a m b i e n t  p r e s s u r e  C b a r  ) 0 . 6 9 3 0 0
c o m p r e s s i o n  r a t i o 1 6 . 3 0 c o m b u s t  i on r a t e  f a c t o r 0 . 0 5 0 0  t u r b i n e  f l o w l o s s  f a c t o r o . ;
e n g i n e  s p e e d ( r , p , m ) 1 0 0 0 . 0 0 1 2 6 0 . 0 0 1 5 0 0 . 0 0 1 8 0 0 . 0 0 2 1 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
b o o s t  p r e s s u r e  r a t i o 1 . 9 5 2 1 . 8 8 6 2 . 1 3 0 2 . 2 9 9 2 . 3 7 5 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
t r a p p e d  a / f  r a t i o 1 6 . 0 0 0 1 6 . 7 3 6 1 9 . 0 5 6 2 1 . 7 6 8 2 9 . 3 0 6 0 . 0 0 0 o . o o o 0 . 0 0 0
d e l i  v e r y  r a t i o 0 . 8 9 9 0 . 8 9 6 0 . 8 9 7 0 . 8 5 5 0 . 8 6 3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
m a n i f o l d  teinp ( deg  k ) 3 1 3 . 3 5 3 3 1 9 . 1 1 3 3 2 9 . 0 5 1 3 3 0 . 0 2 6 3 3 5 . 1 2 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
e n g i n e  p o w e r  ( k w.  ) 7 3 . 2 7 1 2 0 . 3 8 1 5 2 . 7 7 1 7 3 . 1 6 1 8 2 . 9 7 0 . 0 0 0 . 0 0 0 . 0 0
e n g i n e  t o r q u e  ( n . m .  ) ) 6 9 9 . 6 9 9 1 2 . 3 9 9 7 2 . 5 9 9 1 8 . 6 9 8 2 9 . 7 6 0 . 0 0 0 . 0 0 0 . 0 0
b . m . e . p  ( b a r  ) 8 . 7 8 0 9 1 1 . 9 9 9 0 1 2 . 2 0 5 1 1 1 . 5 2 8 0 1 0 . 9 1 2 7 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
s .  f  . c .  ( g / k w  h r  ) 2 8 5 . 9 5 2 2 2 6 . 8 3 7 2 0 0 . 0 7 1 2 0 6 . 0 0 9 2 1 0 . 0 5 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
b . t h e r m a l  e f f . 0 . 2 9 1 8 0 . 3 6 7 8 0 . 9 0 1 0 0 . 9 0 5 0 0 . 3 9 7 2 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
f u e l  /  r e v  ( k y .  ) 3 . 9 9 2 3 . 6 1 2 3 . 5 3 2 3 . 3 0 3 3 . 0 9 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
max c y l  p r e s s u r e  ( b a r  . ) 8 8 . 2 7 1 1 1 . 3 6 1 1 8 . 2 6 1 1 8 . 9 9 1 1 1 . 9 3 0 . 0 0 0 . 0 0 0 . 0 0
max c y l  t e m p e r a t u r e ( d « g  k ) 2 3 9 3 . 1 9 2 9 0 3 . 6 3 2 2 8 3 . 1 9 2 1 5 2 . 7 9 2 0 3 1 . 2 1 0 . 0 0 0 . 0 0 0 . 0 0
e x h a u s t  t e m p e r a t u r e C d e y  k ) 9 2 6 . 2 5 9 3 9 . 1 0 3 9 8 . 0 5 8 8 2 . 2 3 8 7 1 . 1 8 0 . 0 0 0 . 0 0 0 . 0 0
p e r c e n t a g e  h e a t  t o  c o o l a n t 9 0 . 1 ? 3 0 . 9 1 2 5 . 8 9 2 2 . 9 6 2 0 . 3 2 0 . 0 0 0 . 0 0 0 . 0 0
c o m p r e s s o r  p r e s s u r e  r a t i o 1 . 5 1 5 5 1 . 9 8 2 5 2 . 2 5 8 7 2 . 9 6 7 2 2 . 5 9 3 8 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
d e l i v e r y  t e m p e r a t u r e C d e y  k ) 3 9 0 . 9 7 3 8 5 . 8 9 9 0 3 . 0 8 9 1 6 . 8 1 9 2 9 . 7 9 0 . 0 0 0 . 0 0 0 . 0 0
d e l i v e r y  p r e s s u r e  ( b a r  ) 1 . 0 5 0 1 . 3 7 1 1 . 5 5 7 1 . 7 0 8 1 . 8 0 2 0 . 0 0 0 o . o o o 0 . 0 0 0
c o m p r e s s o r  s p e e d  ( r . p . m . ) 5 8 3 5 9 . 9 7 7 5 3 2 . 3 8 6 7 7 9 . 2 9 3 2 8 3 . 7 9 7 5 5 1 . 8 0 . 0 0 . 0 0 . 0
v o l u m e  f l o w  ( c u  f t  /  w i n ) 5 . 8 0 9 . 2 9 1 2 . 3 1 1 5 . 7 8 1 8 . 9 3 0 . 0 0 0 . 0 0 0 . 0 0
c o m p r e s s o r  p o w e r  ( kw.  ) 9 . 3 7 9 1 1 . 6 3 9 1 8 . 3 3 2 2 6 . 9 6 3 3 3 . 8 0 5 o . o o o 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  e f f i c i e n c y 0 . 6 7 0 0 . 7 0 0 0 . 7 1 5 0 . 7 1 3 0 . 7 1 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
t u r b i n e  s p e e d  ( r . p . m ) 5 8 3 5 0 . 9 7 7 5 3 2 . 3 0 6 7 7 9 . 2 9 3 2 8 3 . 7 9 7 5 5 1 . 8 0 . 0 0 . 0 0 . 0
t u r b i n e  p o w e r  ( k w ) 9 . 5 3 3 1 1 . 9 2 3 1 8 . 6 2 9 2 6 . 7 9 8 3 9 . 1 9 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
e f f e c t i v e  t u r b i n e  e f f i c i e n c y . 0 . 5 8 9 0 . 5 7 9 0 . 5 6 6 0 . 5 5 0 0 . 5 3 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f r a c t  o f  f l o w  t h r o  t u r b i n e . 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f i r s t  s t e p ,  p r e s s u r e  r a t i o . 1 . 5 2 7 1 . 8 9 9 2 . 1 8 9 2 . 5 3 7 2 . 8 7 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
n . d .  t o r q u e 1 . 6 3 6 9 1 . 9 1 0 3 1 . 9 9 9 8 1 . 9 7 2 1 1 . 9 5 8 5 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d .  mass f 1ow. 2 5 2 . 8 0 6 9 2 6 0 . 7 6 2 2 2 7 2 . 5 5 3 9 2 7 3 . 2 7 9 0 2 7 1 . 2 9 3 5 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d . s p e e d 1 7 5 0 . 9 9 3 8 2 3 0 9 . 6 8 5 0 2 6 6 6 . 9 6 0 7 2 9 5 3 . 9 9 9 8 3 1 5 9 . 3 1 8 8 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e f  f  i c i e n c y . 0 . 6 1 2 0 . 6 0 0 0 . 5 8 1 0 . 5 5 7 0 . 5 3 3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f i n a l  S t e p .  p r e s s u r e  r a t i o . 1 . 1 6 2 1 . 9 1 6 1 . 7 0 7 2 . 0 9 5 2 . 9 7 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
n . d .  t o r q u e 0 . 0 6 5 5 0 . 5 2 6 7 0 . 9 6 2 9 1 . 3 6 5 8 1 . 5 9 1 5 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d .  mass f l o w . 9 9 . 9 7 7 8 1 8 1 . 0 9 5 9 2 2 3 . 2 6 7 9 2 9 9 . 1 8 9 0 2 5 9 . 3 3 5 1 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d . s p e e d 1 8 0 6 . 0 3 6 9 2 3 8 9 . 0 8 8 1 2 7 9 5 . 9 7 9 2 3 0 2 2 . 0 7 9 9 3 2 1 1 . 2 5 7 3 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e f  f i c i e n c y . 0 . 1 8 5 0 . 9 5 3 0 . 5 1 3 0 . 5 3 3 0 . 5 2 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  mass f 1o w ( k y / m i n ) . 9 . 7 6 7 . 6 2 1 0 . 1 0 1 2 . 9 9 1 5 . 5 3 0 . 0 0 0 . 0 0 0 . 0 0
d e l e v e r e d  a i r  t o  f u e l  r a t i o 1 3 . 6 2 1 6 . 7 9 1 9 . 0 6 2 1 . 7 7 2 9 . 3 1 0 . 0 0 0 . 0 0 0 . 0 0
v . g .  n o z z l e  w i d t h  ( m . m.  ) 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
c o o l e r  e f f e c t i v e n e s s 0 . 9 1 5 1 0 . 8 7 9 8 0 . 8 9 9 0 0 . 8 1 2 5 0 . 7 8 1 1 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e n g i n e  d i a g r a m  f a c t o r 0 . 9 8 5 0 0 . 9 6 6 0 0 . 9 5 1 5 0 . 9 3 0 0 0 . 9 2 5 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
s t a r t  o f  i n j e c t i o n ( d e y . ) 3 9 2 . 3 6 3 9 0 . 8 9 3 9 0 . 9 3 3 9 0 . 7 5 3 9 2 . 2 5 0 . 0 0 0 . 0 0 0 . 0 0
d u r a t i o n  o f  i n j e c t i o n ( d e g . ) 1 8 . 2 1 2 0 . 0 0 2 0 .  16 2 0 . 5 0 2 1 . 5 0 0 . 0 0 0 . 0 0 0 . 0 0
t u r b i n e  n o z z l e  a n y l e ( d e g . ) 2 3 . 0 0 2 3 . 0 0 2 3 . 0 0 2 3 . 0 0 2 3 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
T a b le - 3 .1 2  The r e s u l t s  o f  VG tu r b o c h a r g in g  under reduced  ambient p r e s s u r e  ( a l t i t u d e  o f  3000m)
number  o f  c y l i n d e r s  
c o n - r o d  l e n g t h  
a m b i e n t  t e m p e r a t u r e  
c om p r e s s  i o n  r a t i o
( m )
engine speeJCr.p.m)  
boost pre ssure  r a t io  
trapped a / i  r a t i o  
d e 1i very ra t i o  
mani fo ld temp 
engine power 
engine torque  
b .m.e .p
s . f . c .  (
b . t h e r m a 1 e f f . 
f u e l  /  r e v  ( k g .
max c y l  p r e s s u r e  C b a r  
max c y l  t e m p e r a t u r e ( deg  
e x h a u s t  temi  e r a t u r e ( d e g
( deg  k )
( k w.  ) 
( n . m .  ) )  
C b a r  ) 
>j /kw h r  )
) 
. )  
k ) 
k )
p e r c e n t a g e  h e a t  t o  c o o l a n t  
c o m p r e s s o r  p r e s s u r e  r a t i o  
d e l i v e r y  t e m p e r a t u r e ( d e g  k)  
d e l i v e r y  p r e s s u r e  ( b a r  ) 
c o m p r e s s o r  s p e e d  ( r . p . m . )  
v o l u me  f l o w  ( c u  f t  /  m j n )  
C o m p r e s s o r  p o w e r  ( kw.  ) 
c o m p r e s s o r  e f f i c i e n c y
t u r b i n e  s p e e d  ( r . p . n )
t u r b i n e  p o w e r  ( k w )
e f f e c t i v e  t u r b i n e  e f f i c i e n c y  
f r a c t  o f  f l o w  t h r o  t u r b i n e .
f i r s t  s t e p
f i n a l  S t e p .
pres sure  r a t i o ,  
n .d .  torque  
n .d .  mass f l ow.  
n . J . s n e e J  
e f f i c i ency.  
pres sure  r a t i o ,  
n .d .  torque  
n .d .  mass f l ow,  
n . d . spe ed  
ef  f i c i ency.
c o m p r e s s o r  mass f l o w ( k g / m i n )  
d e l e v e r e d  a i r  t o  f u e l  r a t i o  
v . g .  n o z z l e  w i d t h  ( m. m. ) 
c o o l e r  e f f e c t i v e n e s s  
e n g i n e  d i a g r a m  f a c t o r  
s t a r t  o f  i n j e c t i o n ( d e g . ) 
d u r a t i o n  o f  i n j e c t i o n ( d e g . )  
t u r b i n e  n o z z l e  a n g l e C d e g . )
ICT H2C turcochapgep 235 161 805
6 .0 bore ( m ) 0 .13 st  roke ( m ) 0.13600
0.21778 i n l e t  valve  c l o s i n g  ( degs ) 193 .0 compressor fac t or  1.00 0.00 1.00
da . a heat l o s s factor 1.5000 ambient pre ssure ( bar ) 0.69300
16.30 combust ion rate  factor 0. 0500 turb ine  flow los s \ f ac tor 0.7200
1000.00 1260.00 1500.00 1800.00 2100.00 0.00 0.00 0.00
2 .180 2.375 2.402 2.438 2.375 0.000 0.000 0.000
20.006 20.753 21.429 22.963 24.306 0.000 0.000 0.000
0.043 0.847 0.055 0.855 0.863 0.000 0.000 0.000
310.837 324.546 327.980 332.247 335.120 0.000 0.000 0.000
106.26 137.56 159.03 173.65 182.47 0.00 0.00 0.00
1014.75 1042.51 1012.42 921.26 829.76 0.00 0.00 0.00
12.7341 13.0025 12.7049 11.5609 10.4127 0.0000 0.0000 0.0000
107.170 198.513 199.885 205.423 210.054 0.000 0.000 0.000
0.4231 0.4203 0.4174 0.4061 0.3972 0.0000 0.0000 0.0000
3.402 3.612 3.532 3.303 3.042 0.000 0.000 0.000
117.51 125.60 126.69 122.56 111.43 0.00 0.00 0.00
2172.00 2175.98 2164.07 2102.16 2031.21 0.00 0.00 0.00
747.76 813.71 046.84 867.08 871.18 0.00 0.00 0.00
32.02 26.94 24.23 21.84 20.32 0.00 0.00 0.00
2.2607 2 .4777 2.5370 2.6133 2 .5938 0.0000 o . o o o o 0.0000
414.44 424.71 425.00 427.48 424.74 0.00 0.00 0.00
1.567 1.715 1.750 1.810 1 .802 0.000 0.000 0.000
36210.0 92518.8 94427.7 97011.7 97551.8 0.0 0.0 0.0
0.56 11 .52 13.84 16.65 18.93 0.00 0.00 0.00
14.072 20.558 24.765 30.346 33.805 0.000 0.000 0.000
0.640 0.673 0.692 0.703 0.712 0.000 0.000 0.000
06210.0 92518.8 94427.7 97011.7 97551.8 0.0 0.0 0.0
14.365 21.067 25.122 30.736 34.142 0.000 0.000 0.000
0.643 0.621 0.591 0.562 0.532 0.000 0.000 0.000
1.000 1.000 1.000 1 .000 1 .000 0.000 0.000 0.000
2 .243 2 .460 2 .553 2.758 2.871 0.000 o . o o o 0.000
1.4107 1.6915 1.8612 1.9344 1.9585 0 .0000 0.0000 0.0000
172.6585 208.9701 239.8800 257.2185 271.2435 0 .0000 o . o o o o 0.0000
2741.6870 2930.0124 2996.6233 3113.2229 3154.3188 0 .0000 0.0000 0.0000
0.662 0.638 0.603 0.567 0.533 0.000 0.000 0.000
1.703 1 .977 2.077 2.322 2.477 0.000 0.000 0.000
0.7763 1.0276 1.2117 1.4524 1.5915 0.0000 0.0000 0.0000
140.3105 184.7529 215.5720 240.6246 259.3351 0.0000 0.0000 0.0000
2810.1402 3008.8583 3072.1928 3176.7333 3211.2573 0 .0000 0.0000 0.0000
0.500 0.580 0.561 0.549 0.528 0.000 0.000 0.000
7.02 9 .44 11.35 13.65 15.53 0.00 0.00 0.00
20.10 20 .75 21.43 22.96 24.31 0.00 0.00 0.00
13.5000 13.5000 13.5000 13.5000 13.5000 0.0000 o . o o o o 0.0000
0.9058 0 .8732 0.8436 0.8106 0.7811 0.0000 0.0000 0.0000
0.9850 0.9660 0.9515 0.9300 0.9250 0.0000 0.0000 0.0000
342.36 340.89 340.43 340.75 342.25 0.00 0.00 0.00
18.21 20.00 20.16 20.50 21.50 0.00 0.00 0.00
13.00 16.00 19.00 21.00 23.00 0.00 0.00 0.00
T a b l e - 3 .1 3  The r e s u l t s  under e l e v a t e d  te m p era tu re (4 0 d eg .C ;  s e a  l e v e l ;  a = 2 3 d eg .)
n u m b e r  o f  c y l i n d e r s  
C o n - r o d  l e n g t h  
a m b i e n t  t e « i  e r a t u r e  
C o m p r e s s i o n  r a t i o
( m )
( d eg  k)
( k w.  ) 
( n . m .  ) )  
( b a r  ) 
y / k w  h r  )
e n g i n e  s p e e d ! r . p . m )  
b o o s t  p r e s s u r e  r a t i o  
t r a p p e d  a / f  r a t i o  
d e l  i v e r y  r a t  i o 
man i f o 1 d t emp  
e n g i n e  p o w e r  
e n g i n e  t o r q u e  
b . m . e . p  
s . f . c .  (
b . t h e r m o  1 e f f . 
f u e l  /  r e v  ( k y .  )
max c y l  p r e s s u r e  ( b a r  . )
max c y l  t e m p e r a t u r e C d e g  k ) 
e x h a u s t  t e m p e r a t u r e ( d e y  k )
p e r c e n t a g e  h e a t  t o  c o o l a n t  
c o m p r e s s o r  p r e s s u r e  r a t i o  
d e l i v e r y  t e r . i p e r a t u r e C J e y  k )  
d e l i v e r y  p r e s s u r e  ( b a r  )
C o m p r e s s o r  s p e e d  ( r . p . m . )
v o l u me  f l o w  ( c u  f t  /  m j n )
c o m p r e s s o r  p o w e r  ( k w.  )
c o m p r e s s o r  e f f i c i e n c y
t u r b i n e  s p e e d  ( r . p . m )
t u r b i n e  p o w e r  ( k w )
e f f e c t i v e  t u r b i n e  e f f i c i e n c y ,  
t r a c t  o f  f l o w  t h r o  t u r b i n e .
f i r s t  s t e p ,  p r e s s u r e  r a t i o .
n . d .  t o r q u e  
n . d .  mass f l o w ,  
n . d . s p e e d  
e f  f i c i e n c y . 
p r e s s u r e  r a t i o ,  
n . d .  t o r q u e  
n . d .  mass f l o w ,  
n . d . s p e e d  
e f  f  i c i e n c y .
c o m p r e s s o r  mass f 1o w ( k g / m i n ) , 
d e l e v e r e d  a i r  t o  f u e l  r a t i o  
v . y .  n o z z l e  w i d t h  ( w. ; . i .  ) 
c o o l e r  e f f e c t i v e n e s s  
e n g i n e  d i a g r a m  f a c t o r  
s t a r t  o f  i n j e c t i o n ( d e y . )  
d u r a t i o n  o f  i n j e c t i o n ( d e g . )  
t u r b i n e  n o z z l e  a n y l e ( d e - j . )
f i n a l  s t e p
CT H2C TUROOCMARGEn 152 1 18 5 9 0
6 . 0 b o r e ( m ) 0 . 1 3  s t r o k e ( m ) 0 . 1 3 6 0 0
0 . 2 1 7 7 6 i n l e t  v a l v e  c l o s i n g  ( de gs  ) 193 . 0  c o m p r e s s o r  f a c t o r  1 . 0 0 0.00 1 . 0 0
1 3 . 5 h e a t  l o s s f a c t o r 1 . 5 0 0 0  a m b i e n t  p r e s s u r e ( b a r  ) 0 . 9 9 0 0 0
1 6 . 3 0 c om bu s t  i on r a t e  f a c t o r 0 . 0 5 0 0  t u r b i n e  f l o w  l o s s  f a c t o r 0 . 7 2 0 0
1000.00 1 2 6 0 . 0 0 1 5 0 0 . 0 0 1 6 0 0 . 0 0 2 1 0 0 . 0 0 0.00 0.00 0.001. 3 4 6 1 . 5 3 2 1 . 7 0 2 1 . 8 3 8 1 . 9 1 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 7 . 9 9 0 1 9 . 6 3 9 2 1 . 9 6 1 2 5 . 1 3 8 2 8 . 1 3 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 8 0 9 0 . 8 5 2 0 . 8 5 0 0 . 8 5 6 0 . 8 6 2 0 . 0 0 0 o . o o o 0 . 0 0 0
3 1 0 . 1 9 j 3 1 7 . 8 6 9 3 2 1 . 9 5 8 3 2 7 . 3 5 6 3 3 2 . 3 3 5 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
9 7 . 7 9 1 3 0 . 9 6 1 6 0 . 1 5 1 7 6 . 6 6 1 8 6 . 1 3 0 . 0 0 0 . 0 0 0 . 0 0
9 3 3 . 0 0 1 0 2 2 . 8 5 1 0 1 9 . 5 8 9 3 7 . 2 1 8 0 6 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
1 1 . 7 1 8 8 1 2 . 8 3 5 3 1 2 . 7 9 0 7 1 1 . 7 6 1 1 1 0 . 6 2 1 5 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
2 1 0 . 2 5 1 2 0 2 . 3 2 9 1 9 8 . 0 8 3 201 . 9 2 7 2 0 5 . 9 2 3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 3 8 9 0 0 . 0 1 2 3 0 . 0 2 0 3 0 . 0 1 3 2 0 . 0 0 5 2 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
3 . 0 9 2 3 . 6 1 2 3 . 5 3 2 3 . 3 0 3 3 . 0 0 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 1 0 . 2 5 1 2 1 . 1 7 1 2 7 . 6 3 1 2 8 . 3 7 1 2 1 . 5 2 0 . 0 0 0 . 0 0 0 . 0 0
2 2 8 0 . 9 2 2 2 2 0 . 0 7 2 1 2 9 . 9 5 2 0 0 6 . 9 1 1 8 9 0 . 0 2 0 . 0 0 0 . 0 0 0 . 0 0
3 1 0 . 0 5 8 3 3 . 2 9 8 3 0 . 2 9 8 3 0 . 2 5 8 1 6 . 2 5 0.00 0 . 0 0 0 . 0 0
3 3 . 9 9 2 7 . 6 3 2 3 . 7 2 2 0 . 6 0 1 8 . 6 3 0 . 0 0 0 . 0 0 0 . 0 0
1 . 3 9 1 2 1 . 5 9 9 5 1 . 7 9 1 5 1 . 9 5 9 6 2 . 0 6 0 7 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
3 5 8 . 0 9 3 7 5 . 1 0 3 8 9 . 2 7 0 0 2 . 5 0 0 1 1 . 7 8 0 . 0 0 0 . 0 0 0 . 0 0
1 . 3 7 3 1 . 5 8 5 1 . 7 6 5 1 . 9 3 9 2 . 0 0 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
5 3 0 0 0 . 2 6 0 7 8 2 . 3 7 3 7 2 9 . 6 8 1 1 7 7 . 3 8 6 0 8 9 . 0 0 . 0 0.0 0 . 0
5 . 7 1 8 . 1 2 1 0 . 5 7 1 3 . 5 8 1 6 . 3 0 0.00 0 . 0 0 0 . 0 0
0 . 6 8 7 9 . 2 1 9 1 0 . 7 0 9 2 2 . 2 6 2 2 9 . 5 0 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 6 9 9 0 . 7 3 0 0 . 7 5 0 0 . 7 5 0 0 . 7 3 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
5 3 0 0 0 . 2 6 0 7 8 2 . 3 7 3 7 2 9 . 6 8 1 1 7 7 . 3 8 6 0 8 9 . 0 0 . 0 0 . 0 0 . 0
0 . 7 7 3 9 . 3 8 3 1 0 . 9 7 0 2 2 . 5 1 0 2 9 . 8 0 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 5 9 1 0 . 5 3 2 0 . 5 7 0 0 . 5 6 0 0 . 5 5 3 0 . 0 0 0 o . o o o 0 . 0 0 0
1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 0 0 0 1 . 6 1 2 1 . 3 0 1 2 . 0 0 7 2 . 2 8 5 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 0 7 0 9 1 . 5 8 9 3 1 . 6 5 9 3 1 . 7 2 8 7 1 . 7 7 3 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
2 0 3 . 2 5 0 2 2 5 3 . 0 3 3 9 2 5 9 . 7 7 0 0 2 6 0 . 7 7 1 2 2 6 6 . 9 9 6 8 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
1 6 3 3 . 3 0 2 6 2 0 2 3 . 0 6 0 5 2 3 6 2 . 1 0 5 0 2 6 8 0 . 7 3 8 0 2 9 0 0 . 6 7 5 6 o . o o o o 0 . 0 0 0 0 0 . 0 0 0 0
0 . 6 1 5 0 . 6 1 3 0 . 5 9 9 0 . 5 8 0 0 . 5 6 3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 1 3 0 1 . 2 7 6 1 . 0 6 6 1 . 7 3 7 2 . 0 0 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 0 3 5 2 0 . 3 1 7 0 0 . 6 6 5 7 1 . 0 0 8 9 1 . 3 1 8 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
8 1 . 1 3 9 8 1 0 9 . 8 0 6 3 1 9 5 . 5 0 3 1 2 2 9 . 2 5 0 3 2 0 6 . 7 0 3 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 01682.0028 2 0 8 1 . 2 8 2 3 2 0 2 1 . 6 9 9 5 2 7 3 5 . 1 6 2 6 2 9 5 1 . 3 0 8 6 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 . 1 2 3 0 . 0 0 6 0 . 0 9 1 0 . 5 2 8 0 . 5 3 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
6 . 2 8 8 . 9 0 1 1 . 6 3 1 0 . 9 5 1 7 . 9 7 0.00 0.00 0.00
1 7 . 9 9 1 9 . 6 0 2 1 . 9 6 2 5 . 1 0 2 8 . 1 0 0 . 0 0 0 . 0 0 0 . 0 0
1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 . 9 1 2 8 0 . 8 7 9 2 0 . 8 0 9 1 0 . 8 1 2 5 0 . 7 8 0 6 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 . 9 8 5 0 0 . 9 6 6 0 0 . 9 5 1 5 0 . 9 3 0 0 0 . 9 2 5 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
3 0 2 . 3 6 3 0 0 . 8 9 3 0 0 . 0 3 3 0 0 . 7 5 3 0 2 . 2 5 0 . 0 0 0.00 0.00
1 8 . 2 1 20.00 2 0 . 1 6 2 0 . 5 0 2 1 . 5 0 0 . 0 0 0 . 0 0 0 . 0 0
2 3 . 0 0 2 3 . 0 0 2 3 . 0 0 2 3 . 0 0 2 3 . 0 0 0.00 0 . 0 0 0 . 0 0
T a b l e - 3 . 1 4  T h e r e s u l t s  o f  VG t u r b o c h a r g i n g  u n d e r  e l e v a t e d  a m b ie n t  t e m p e r a t u r e ( 4 0 d e g . C ;  s e a  l e v e l )
cunrir.-s l i o  o i c s l l  cncif . 'C/ i i d l s c t  112c -TiiRROCHAitr.ti: 182 139
number of  c y l i n d e r s  
c on -r o d l e n j t h  ( m )
arabient t empera t u re ( dco k ) 
Co>"| r e s s i o n  r a t i o
e n g  i n e  s p e e  K  r  , | . . n )  
b o o s t  p r e s s u r e  r a t i o  
t  r a p p e d  a / f  r j t i o  
l e 1 i v e r y  r a t i o  
njn i f  o  1 >J t  enp 
e i u j i n e  p o w e r  
e n g i n e  t o r q u e  
b . m . e . p
s . f . c  .  (
b . t h e r m a l  e f t .  
f u e l  /  r e v  
m a x  c y l  p r e s s u r e  
m a x  c y l  t  e m |
e x h a u s t  t e m p e r a t u r e C d e g
f <lc«l k )
( k w.  ) 
f n . m .  ) ) 
( bar ) 
j/kw hr )
( k„.  )
C bar . )
k ) 
k )
p e r c e n t a g e  h e a t  t o  c o o l a n t  
c o m p r e s s o r  p r e s s u r e  r a t i o  
d e l i v e r y  t e n p e r  a t  u r o  ( . le j  k ) 
d e l i v e r y  p r e s s u r e  ( b a r  )
c o m p r e s s o r  s p e c !  C r . p . m . )
v o l ume  f l o w  ( c u  f t  /  m j n )
comi r e s s o r  ,<0 we r  ( k w.  )
c o m p r e s s o r  e f f i c i e n c y
t u r b i n e  s p e e c  ( r . ,  . n )
t u r b i n e  p o w e r  ( k w )
e f f e c t i v e  t u r b i n e  e f f i c i e n c y ,  
f r a c t  o f  f l o w  t h r o  t u r b i n e .
f i r s t  s t ep
final st ep
p r e s s u r e  r a t i o ,  
n . d .  t o r  jue  
n . d .  mass f l o w ,  
n . d . s p c e  I 
c f f i c i o n e y . 
p r e s s u r e  r a t i o ,  
n .  J. t o r q u e  
i t .  I .  mass f t  ow . 
n . d . s p e c  1 
e f f  i c i e n c y .
c o m p r e s s o r  mass f l o w ( k y / m i n )  
d e l e v e r e d  a i r  t o  f u e l  r a t i o  
v . y .  n o z z l e  w i c t h  ( m . n .  ) 
c o o l e r  e f f e c t i v e n e s s  
e n g i n e  d i a g r a m  f a c t o r  
s t a r t  o f  i n j e c t  i o n t d o j . )  
d u r a t i o n  o f  i n j ec  t  i on ( - ley .  ) 
t u r l i n e  n o z z l e  a n - j 1 o (  J c j . )
6 . 0  b o r e  ( m ) 0 . 1 3
0 . 2 1 7 7 8  i n l e t  v a l v e  c l o s i n d  ( d e g s  ) 1 9 3 . 0
3 1 3 . S h e a t  l o s s  f a c t o r  1 . 5 0 0 0
1 6 . 3 0  c o m b u s t i o n  r a t e  f a c t o r  0 . 0 5 0 0
s t r o k e  ( m )
c o m p r e s s o r  f a c t o r  1 . 0 0
a m b i e n t  p r e s s u r e  ( b a r  ) 
t u r b i n e  f l o w  l o s s  f a c t o r
6 9 5
0 . 1 3 6 0 0  
0 . 0 0  1 . 0 0  
0 . 9 9 0 0 0  
0 . 7 2 0 0
1 9 0 0 . 0 0 1 2 6 0 . 0 0 1 5 0 0 . 0 0 1 8 0 0 . 0 0 2 1 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
1 . 7 3 0 1 . 7 8 5 1 . 7 9 5 1 . 8 9 4 1 . 9 1 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
2 2 . 9 0 1 2 2 . 6 2 0 2 3 . 0 7 2 2 5 . 8 2 1 2 8 . 1 3 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 8 0 7 0 . 8 5 1 0 . 8 5 0 0 . 8 5 6 0 . 8 6 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
3 1 8 . 0 3 ' ! 3 2 0 . 9 7 7 3 2 3 . 3 7 0 3 2 8 . 2 8 7 3 3 2 . 3 3 5 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 0 °..  45 1 3 9 . 5 8 1 6 1 . 1 9 1 7 6 . 9 8 1 8 6 . 1 3 0 . 0 0 0 . 0 0 0 . 0 0
1 0 3 5 . 5 8 1 05  7 . 8 6 1 0 2 6 . 1 4 9 3 8 . 9 1 8 4 6 . 4 0 0 . 0 0 0 . 0 0 0 . 0 0
1 2 . 9 9 5 5 1 3 . 2 7 5 1 1 2 . 8 7 7 1 1 1 . 7 8 2  4 1 0 . 6 2 1 5 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
1 9 . 3 . 2 0  3 1 9 5 . 6 3 4 1 9 7 . 2 1 4 2 0 1 . 5 6 1 2 0 5 . 9 2 3 o . o o o 0 . 0 0 0 0 . 0 0 0
4 . 4 3 1 8 0 . 4 2 6 5 0 . 4 2 3 0 0 . 9 1 3 9 0 . 4 0 5 2 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
3 . 9 9 2 3 . 6 1 2 3 . 5 3 2 3 . 3 0 3 3 . 0 4 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 2 5 . 9 5 1 3 1 . 4 0 1 3 1 . 4 2 1 3 0 . 5 9 1 2 1 . 5 2 0 . 0 0 0 . 0 0 0 . 0 0
2 0 4 6 . 2 9 2 0 8 3 . 8 9 2 0 8 2 . 5 8 1 9 8 3 . 3 3 1 8 9 4 . 0 2 0 . 0 0 0 . 0 0 0 . 0 0
7 2 3 . 7 2 7 8 7 . 9 2 8 P . G '1 8 2 2 . 4  3 3 1 6 . 2 5 0 . 0 0 0 . 0 0 0 . 0 0
2 ° .  66 2 5 . 5 1 2 3 . 0 9 2 0 . 3 1 1 8 . 6 3 0 . 0 0 0 . 0 0 0 . 0 0
1 , 7 7 n 2 1 . 8 5 5 7 1 . 8 8 6 7 2 . 0 1 6 2 2 . 0 6 4 7 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
3 9 6 . 8 1 3 9 8 . 1 7 3 9 7 . 7 0 4 0 7 . 0 7 4 1 1 . 7 8 0 . 0 0 0 . 0 0 0 . 0 0
1 . 7 6 1 1 . 8 3 8 1 . 8 5 8 I . 9 9 5 2 . 0 4 ° 0 . 0 0 0 0 . 0 0 0 0 , 0 0 0
7 2 1 2 0 . 9 7 5 9 6 9 . 1 7 7 3 4 6 . 9 8 3 0 6 8 . 8 3 6 0 8 9 . 0 0 . 0 0 . 0 0 . 0
7 . 2 9 9 . 3 6 1 1 . 1 1 1 3 . 9 5 1 6 . 3 4 0 . 0 0 0 . 0 0 0 . 0 0
1 1 . 0 9 6 1 4 . 5 8 1 1 7 . 2 1 8 2 4 . 0 2 8 2 9 . 5 4 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 6 7 7 0 . 7 1 9 9 . 7 4 4 0 . 7 4 7 0 . 7 3 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
7 2 1 2 0 . 9 7 5 4 6 9 . 1 7 7 3 4 6 . ° 8 3 0 6 8 . 8 3 6 0 8 ° . 0 0 . 0 0 . 0 0 . 0
1 1 . 3 0 3 1 4 . 8 3 1 1 7 . 4 6 1 2 4 . 2 ° 7 2 9 . 3 4 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0 . 6 4 0 0 . 6 1 5
?*•ocITO 0 . 5 7 0 0 . 5 5 3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 8 3 3 1 . 8 7 2 1 . ° 0 7 2 . 1 2 2 2 . 2 8 5 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 1 8 8 9 1 . 4 8 7 0 1 . 6 3 9 0 1 . 7 2 0 7 1 . 7 7 3 4 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
1 6 4 . 4  8 9 2 2 1 3 . 2 9 5 ° 2 4 6 . 0 8 4 6 2 5 7 . 7 7 4 5 2 6 6 . 9 9 6 8 o . o o o o 0 . 0 0 0 0 0 . 0 0 0 0
2 3 7  3 . 6 4  11 2 4 5 2 . 3 0 2 0 2 5 1 1 . 6 2 8 6 2 7 6 2 . 0 0 3 3 2 9 0  1 . 6 7 5 6 0 . 0 0 0 0 0 . 0 0 0 0 0 , 0 0 0 0
0 . 6 6 3 0 . 6 4 0 0 . 6 1 0 0 . 5 8 5 0 . 5 6 3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 . 5 1 5 1 . 5 3 3 1 . 5 7 3 1 . 8 1 4 2 . 0 0 9 0 . 0 0 0 o.ooo 0 . 0 0 0
0 . 5 6 7 9 0 . 6 7 3 6 0 . 7 9 3 0 1 . 1 0 5 4 1 . 3 1 3 0 0 . 0 0 0 0 0 . 0 0 0 0 0 , 0 0 0 0
1 3 2 . 0 4 8 8 1 6 8 . 0 2 9 8 1 9 7 . 8 4 3 6 2 2 7 . 6 5 4 9 2 4 6 . 7 4 3 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
2 4 3 0 . 8 3 7 9 2 5 1 3 . 3 9 7 2 2 5 7 1 . 4 4 4 9 2 8 1 5 . 8 4 3 8 2 9 5 1 . 3 0 8 6 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 . 5 7 6 0 . 5 4 1 9 . 5 2 4 0 . 5 3 8 0 . 5 3 7 0 . 0 0 0 0 . 0 0 0 0 , 0 0 0
7 . 9 6 1 0 . 2 9 1 2 . 2 2 1 5 . 3 5 1 7 . 9 7 0 . 0 0 0 . 0 0 0 . 0 0
2 2 . 8 0 2 2 . 6 2 2 3 . 0 7 2 5 . 8 2 2 8 .  14 0.00 0 . 0 0 0 . 0 0
1 3 . r<000 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 0.0000 0.0000 0.0000
0 . 9 0 7 9 0 . 8  7 5 5 0 . 8 4 7 5 0 . 8 1 1 6 0 . 7 8 0 6 0.0000 0.0000 0.0000
0 . 9 8 5 0 0 . 9 6 6 0 0 . ° 5 1 5 0 . 9 3 0 0 0 . 9 2 5 0 o.oooo 0.0000 0.0000
3 4 2 . 3 6 3 ) 0 .  S '1 3 4 9 .  g 3 3 4 0 . 7 5 3 4 2 . 2 5 0.00 0 . 0 0 0 . 0 0
1 8 . 2 1 2 0 . 0  0 2 0 . 1 6 2 0 . 5 0 2 1 . 5 0 0.00 0 . 0 0 0.00
1 3 . 0 0 1 7 . 5 0 2 1 . 0 0 2 2 . 0 0 2 3 . 0 0 0.00 0 . 0 0 0 . 0 0
T a b l e - 3 .1 5  The r e s u l t s  under e l e v a t e d  tem p eratu re  and reduced  p r e s s u r e  (40deg .C ; 12oom; a = 2 3 d e g . )
c u m m i n s  l i o  d i e s e l  e n g i n e ,  i i o l s e t  m? c TtiRDOCHARCF.r. 158  1 1 3  5 6 5
numb er  o f  c y l i n d e r s 6 . 0 b o r e ( m ) 0 . 1 3  s t r o k e ( m ) 0 .
c o n - r o d  l e n g t h  C m ) 0 . 2 1 7 7 8 i n l e t  v a l v e  c l o s i n g  ( d e gs  ) 193 . 0  c o m p r e s s o r  f a c t o r  1 . 0 0 0 . 0 0
a m b i e n t  t e m p e r a t u r e  ( deg  k ) 3 1 3 . 5 h e a t  l o s s f a c t o r 1 . 5 0 0 0  a m b i e n t  p r e s s u r e ( b a r  ) 0.1
c o m p r e s s i o n  r a t i o 1 6 . 3 0 co m b u s t  i on r a t e  f a c t o r 0 . 0 5 0 0  t u r b i n e  f l o w  l o s s  f a c t o r o . ;
e n g i n e  s p e e d C r . p . m ) 1 0 0 0 . 0 0 1 2 6 0 . 0 0 1 5 0 0 . 0 0 1 8 0 0 . 0 0 2 1 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
b o o s t  p r e s s u r e  r a t i o 1 . 4 1 8 1 . 6 5 4 1 . 8 4 3 2 . 0 0 1 2 . 0 6 0 0 . 0 0 0 o . o o o 0 . 0 0 0
t r a p p e d  a / 1  r a t i o 1 6 . 0 3 7 1 7 . 8 5 0 2 0 . 0 9 7 2 3 . 0 5 6 2 5 . 5 4 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
d e l i  v e r y  r a t i o 0 . 8 4 7 0 . 8 4 8 0 . 8 5 1 0 . 8 5 6 0 . 6 6 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
m a n i f o l d  t emp C d e g  k) 3 1 5 . 0 0 4 3 1 9 . 3 4 4 3 2 4 . 2 0 2 3 3 0 . 1 9 9 3 3 5 . 4 7 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
e n g i n e  p o w e r  ( k w.  ) 8 0 . 6 0 1 2 5 . 9 0 1 5 7 . 8 ? 1 7 4 . 3 9 1 8 3 . 7 4 0 . 0 0 0 . 0 0 0 . 0 0
e n g i n e  t o r q u e  ( n . m .  ) ) 8 5 5 . 5 9 9 5 4 . 2 1 1 0 0 4 . 7 2 9 2 5 . 1 8 8 3 5 . 5 1 0 . 0 0 0 . 0 0 0 . 0 0
b . m . e . p  ( b a r  ) 1 0 . 7 3 6 8 1 1 . 9 7 4 3 1 2 . 6 0 8 2 1 1 . 6 1 0 2 1 0 . 4 8 4 8 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
s . f . c .  ( g / k w  h r  ) 2 3 3 . 8 4 7 2 1 6 . 8 8 5 2 0 1 . 4 1 9 2 0 4 . 5 5 2 2 0 8 . 6 0 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
b .  t h e r m a 1 e f f . 0 . 3 5 6 8 0 . 3 8 4 7 0 . 4 1 4 2 0 . 4 0 7 9 0 . 3 9 9 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
f u e l  /  r e v  ( k g .  ) 3 . 4 9 2 3 . 6 1 2 3 . 5 3 2 3 . 3 0 3 3 . 0 4 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
max c y l  p r e s s u r e  C b a r  . ) 1 0 3 . 9 3 1 1 5 . 2 9 1 2 1 . 8 1 1 2 2 . 4 9 1 1 4 . 9 0 0 . 0 0 0 . 0 0 0 . 0 0
mo* c y l  t e m p e r a t u r e ( d e g  k ) 2 4 0 9 . 8 5 2 3 3 0 . 5 4 2 2 2 5 . 8 0 2 0 9 4 . 9 9 1 9 8 5 . 1 3 0 . 0 0 0 . 0 0 0 . 0 0
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 8 7 6 . 9 4 8 9 7 . 4 7 8 6 4 . 4  0 8 6 2 . 5 0 8 5 2 . 8 3 0 . 0 0 0 . 0 0 0 . 0 0
p e r c e n t a g e  h e a t  t o  c o o l a n t 3 6 . 4 3 2*> .20 2 5 . 0 5 2 1 . 7 3 1 9 . 7 6 0 . 0 0 0 . 0 0 0 . 0 0
c o m p r e s s o r  p r e s s u r e  r a t i o 1 . 4 7 2 0 1 . 7 3 4 2 1 . 9 5 0 2 2 .  1 44 6 2 . 2 4 0 6 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
d e l i v e r y  t e m p e r a t u r e C d e j  k ) 3 6 7 . 0 7 3 8 7 . 1 6 4 0 3 . 3 4 4 1 7 . 2 3 4 2 5 . 9 4 0 . 0 0 0 . 0 0 0 . 0 0
d e l i v e r y  p r e s s u r e  ( b a r  ) 1 . 2 3 9 1 . 4 5 9 1 . 6 3 2 1 . 8 0 4 1 . 8 9 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  s p e e d  ( r . p . m . ) 5 7 8 8 3 . 5 7 0 6 1 1 . 7 7 9 5 9 9 . 8 8 7 0 6 3 . 5 9 1 4 6 4 . 7 0 . 0 0 . 0 0 . 0
v o l u me  f l o w  ( c u  f t  /  m i n ) 5 . 9 9 8 . 6 9 1 1 . 3 8 1 4 . 6 6 1 7 . 4 5 0 . 0 0 0 . 0 0 0 . 0 0
c o m p r e s s o r  p o w e r  ( k w.  ) 5 . 0 2 0 1 0 . 0 1 1 1 6 . 0 0 2 2 3 . 7 8 3 3 0 . 6 9 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  e f f i c i e n c y 0 . 6 8 7 0 . 7 2 9 0 . 7 3 8 0 . 7 4 0 0 . 7 2 7 0 . 0 0 0 o . o o o 0 . 0 0 0
t u r b i n e  s p e e d  ( r . p . i . i ) 5 7 3 8 8 . 5 7 0 6 1 1 . 7 7 9 5 9 9 . 8 8 7 0 6 3 . 5 9 1 4 6 4 . 7 0 . 0 0 . 0 0 . 0
t u r b i n e  p o w e r  ( k w ) 5 . 1 5 5 1 0 . 2 3 5 1 6 . 2 4 8 2 4 . 0 7 8 3 0 . 9 9 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
e f f e c t i v e  t u r b i n e  e f f i c i e n c y . 0 . 5 9 0 0 . 5 8 0 0 . 5 7 2 0 . 5 5 9 0 . 5 4 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f r a c t  o f  f l o w  t h r o  t u r b i n e . 1 . 0 0 0 1 . o o o 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f i r s t  s t e p ,  p r e s s u r e  r a t i o . 1 . 5 1 2 1 . 7 1 4 1 . 9 3 9 2 . 2 2 8 2 . 4 7 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
n . d .  t o r q u e 1 . 6 1 3 9 1 . 7 2 0 0 1 . 7 8 7 1 1 . 8 3 3 0 1 . 8 5 8 7 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d .  mass f l o w . 2 5 1 . 4 7 5 2 2 6 0 . 6 3 4 2 2 6 5 . 9 8 4 8 2 6 8 . 8 9 5 3 2 6 9 . 7 8 9 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d . s p e e d 1 7 2 6 . 3 4 9 9 2 1 4 2 . 9 5 1 3 2 4 8 3 . 5 5 9 3 2 8 0 1 . 6 2 4 7 2 9 9 9 . 4 9 4 1 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e f  f i c  i e n c y . 0 . 6 1 2 0 . 6 0 8 0 . 5 9 3 0 . 5 7 1 0 . 5 5 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f i n a l  s t e p .  p r e s s u r e  r a t i o . 1 . 1 5 2 1 . 3 2 2 1 . 5 4 8 1 . 8 6 5 2 . 1 4 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
n . d .  t o r q u e 0 . 0 4 1 3 0 . 3 7 1 2 0 . 7 6 8 6 1 . 1 6 5 9 1 . 4 0 7 4 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d .  mass f l o w . 8 6 . 2 8 4 5 1 5 9 . 7 1 8 4 2 0 6 . 2 8 9 7 2 3 7 . 5 3 0 1 2 5 1 . 4 7 2 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d . s p e e d 1 7 8 2 . 2 5 7 7 2 2 0 9 . 6 8 3 7 2 5 5 1 . 5 6 9 1 2 8 6 2 . 6 1 1 6 3 0 5 1 . 4 8 5 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e f  f  i c i e n c y . 0 . 1 3 3 0 . 4 1 4 0 . 4 9 9 0 . 5 2 9 0 . 5 3 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  mass f 1o w ( k g / m i n ) . 5 . 6 0 8 . 1 2 1 0 . 6 5 1 3 . 7 1 1 6 . 3 2 0 . 0 0 0 . 0 0 0 . 0 0
d e l e v e r e d  a i r  t o  f u e l  r a t i o 1 6 . 0 4 1 7 . 8 5 2 0 .  10 2 3 . 0 6 2 5 . 5 5 0 . 0 0 0 . 0 0 0 . 0 0
v . g .  n o z z l e  w i d t h  ( m . w .  ) 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
c o o l e r  e f f e c t i v e n e s s 0 . 9 1 2 3 0 . 8 7 8 9 0 . 8 4 7 8 0 . 8 1 1 6 0 . 7 8 0 3 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e n g i n e  d i a g r a m  f a c t o r 0 . 9 8 5 0 0 . 9 6 6 0 0 . 9 5 1 5 0 . 9 3 0 0 0 . 9 2 5 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
s t a r t  o f  i n j e c t i o n C d e g . ) 3 4 2 . 3 6 3 4 0 . 8 9 3 4 0 . 4 3 3 4 0 . 7 5 3 4 2 . 2 5 0 . 0 0 0 . 0 0 0 . 0 0
d u r a t i o n  o f  i n j e c t i o n ( d o g . ) 1 8 . 2 1 2 0 . 0 0 2 0 .  16 2 0 . 5 0 2 1 . 5 0 0 . 0 0 0 . 0 0 0 . 0 0
t u r b i n e  n o z z l e  a n g l e C d e g . ) 2 3 . 0 0 2 3 . 0 0 2 3 . 0 0 2 3 . 0 0 2 3 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
T a b l e - 3 .1 6  VG tu r b o c h a r g in g  under e l e v a t e d  tem p eratu re  and redu ced  p r e s s u r e  (40deg.C ; 1200m)
CUMMINS L 1 0  D I E S E L  E N G I N E ,  I IOLSCT H2C Tt lRPUCHARCEH 2 3 6 166 8 30
n umb er  o f  c y l i n d e r s 6 . 0 b o r e ( m ) 0 . 1 3  s t r o k e ( m ) 0 . 1 3 6 0 0
C o n - r o d  l e n g t h  ( m ) 0 . 2 1 7 7 8 i n l e t  v a l v e  c l o s i n g  ( degs  ) 193 . 0  c o m p r e s s o r  f a c t o r  1 . 0 0 0 . 0 0  1 . 0 0
a m b i e n t  t e m p e r a t u r e  ( deg  k ) 3 1 3 . S h e a t  l o s s f a c t o r 1 . 5 0 0 0  a m b i e n t  p r e s s u r e ( b a r  ) 0 . 8 4 1 5 0
c o m p r e s s i o n  r a t i o 1 6 . 3 0 c o m b us t  i on r a t e  f a c t o r  0 . 0 5 0 0  t u r b i n e  f l o w  l o s s  f a c t o r 0 . 7 2 0 0
e n g i n e  s p e e d ( r . p . m ) 1 0 0 0 . 0 0 1 2 6 0 . 0 0 1 5 0 0 . 0 0 1 8 0 0 . 0 0 2 1 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
b o o s t  p r e s s u r e  r a t i o 2 . 1 8 8 2 . 1 1 1 2 . 0 9 0 2 . 2 2 5 2 . 0 6 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
t r a p p e d  a / f  r a t i o 2 4 . 3 3 9 2 2 . 5 5 6 2 2 . 6 6 0 2 5 . 3 0 7 2 5 . 5 4 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
d e l i  v e r y  r a t i o 0 . C 5 4 0 . 8 5 5 0 . 8 5 5 0 . 8 5 5 0 . 8 6 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
m a n i f o l d  temp ( d e g  k ) 3 2 2 . 6 8 * 7 3 2 5 . 1 3 0 3 2 7 . 8 1 3 3 3 4 . 0 7 2 3 3 5 . 4 7 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
e n g i n e  p o w e r  ( k w.  ) 1 0 8 . 4 5 1 3 8 . 9 5 1 6 0 . 1 6 1 7 5 . 0 0 1 8 3 . 7 4 0 . 0 0 0 . 0 0 0 . 0 0
e n g i n e  t o r q u e  ( n . m .  ) ) 1 0 3 5 . 6 2 1 0 5 3 . 0 6 1 0 1 9 . 5 8 9 2 8 . 3 8 8 3 5 . 5 1 0 . 0 0 0 . 0 0 0 . 0 0
b . m . e . p  ( b a r  ) 1 2 . 9 9 6 0 1 3 . 2 1 4 9 1 2 . 7 9 4 8 1 1 . 6 5 0 3 1 0 . 4 8 4 8 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
s . f . c .  ( g / k w  h r  ) 1 9 3 .  196 1 9 6 . 5 2 4 1 9 8 . 4 8 2 2 0 3 . 8 4 7 2 0 8 . 6 0 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
b .  t h e r m a l  e f f . 0 . 4 3 1 8 0 . 4 2 4 5 0 . 4 2 0 3 0 . 4 0 9 3 0 . 3 9 9 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
f u e l  /  r e v  ( k g .  ) 3 . 4 9 2 3 . 6 1 2 3 . 5 3 2 3 . 3 0 3 3 . 0 4 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
max c y l  p r e s s u r e  ( b a r  . ) 1 3 1 . 6 8 1 3 1 . 8 3 1 3 0 . 7 5 1 3 0 . 0 9 1 1 4 . 9 0 0 . 0 0 0 . 0 0 0 . 0 0
max c y l  t e n p e r a t u r e ( d e g  k ) 1 9 9 2 . 6 2 2 0 9 2 . 9 5 2 1 0 7 . 2 2 2 0 1 1 . 1 4 1 9 8 5 . 1 3 0 . 0 0 0 . 0 0 0 . 0 0
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 7 1 5 . 5 2 7 9 2 . 9 7 8 2 9 . 7 2 8 3 7 . 0 0 8 5 2 . 8 3 0 . 0 0 0 . 0 0 0 . 0 0
p e r c e n t a g e  h e a t  t o  c o o l a n t 2 8 . 7 1 2 5 . 6 8 2 3 . 4 6 2 0 . 7 1 1 9 . 7 6 0 . 0 0 0 . 0 0 0 . 0 0
c o m p r e s s o r  p r e s s u r e  r a t i o 2 . 2 4 0 6 2 . 1 9 7 6 2 . 2 0 1 3 2 . 3 7 1 6 2 . 2 4 0 6 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
d e l i v e r y  t e m p e r a t u r e ( J e y  k ) 4 3 9 . 0 ? 4 2 7 . 3 8 4 2 3 . 6 4 4 3 5 . 7 2 4 2 5 . 9 4 0 . 0 0 0 . 0 0 0 . 0 0
d e l i v e r y  p r e s s u r e  ( b a r  ) 1 . C 9 3 1 . 8 4 9 1 . 8 5 2 1 . 9 9 4 1 . 8 9 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  s p e e d  ( r . p . m . ) 3 8 6 1 1 . 8 8 7 2 5 6 . 2 8 7 9 5 0 . 3 9 3 7 7 4 . 0 9 1 4 6 4 . 7 0 . 0 0 . 0 0 . 0
v o l u me  f l o w  ( c u  f t  /  m i n ) 0 . 0 9 1 0 . 9 8 1 2 . 8 4 1 6 . 0 9 1 7 . 4 5 0 . 0 0 0 . 0 0 0 . 0 0
c o m p r e s s o r  p o w e r  ( k w.  ) 1 7 . 5 4 0 1 9 . 5 5 1 2 2 . 1 1 4 3 0 . 7 5 0 3 0 . 6 9 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  e f f i c i e n c y 0 .  6 5 5 0 . 6 9 8 0 . 7 2 4 0 . 7 2 2 0 . 7 2 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
t u r b i n e  s p e e d  ( r . p . m ) 3 86 1  1 . 8 8 7 2 5 6 . 2 0 7 9 5 0 . 3 9 3 7 7 4 . 0 9 1 4 6 4 . 7 0 . 0 0 . 0 0 . 0
t u r b i n e  p o w e r  ( k w ) 1 8 .  144 1 9 . 8 5 8 2 2 . 4 1 1 3 1 . 1 8 5 3 0 . 9 9 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
e f f e c t i v e  t u r b i n e  e f f i c i e n c y . 0 . 6 5 1 0 . 6 2 3 0 . 5 9 4 0 . 5 8 0 0 . 5 4 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f r a c t  o f  f l o w  t h r o  t u r b i n e . 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f i r s t  s t e p ,  p r e s s u r e  r a t i o . 2 . 4 4 6 2 . 2 4 7 2 . 2 4 6 2 . 5 7 2 2 . 4 7 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
n . d .  t o r q u e 1 . 1 8 4 7 1 . 5 3 5 4 1 . 7 1 3 9 1 . 7 8 8 7 1 . 8 5 8 7 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d .  mass f 1ow . 1 4 2 . 5 8 0 7 1 9 9 . 9 3 7 7 2 3 5 . 2 0 3 4 2 4 1 . 9 2 6 3 2 6 9 . 7 8 9 9 0 . 0 0 0 0 o . o o o o 0 . 0 0 0 0
n . d . s p e e j 2 9 5 6 . 4 0 0 1 2 8 2 6 . 9 9 0 4 2 8 3 5 . 5 0 2 7 3 0 8 7 . 3 7 6 6 2 9 9 9 . 4 9 4 1 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e f  f i c i  e n c y . 0 . 6 6 7 0 . 6 4 3 0 . 6 1 2 0 . 5 9 0 0 . 5 5 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
f i n a l  s t e p .  p r e s s u r e  r a t i o . 2 . 0 8 1 1 . 8 5 1 1 . 8 5 6 2 . 2 1 7 2 . 1 4 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
n . d .  t o r q u e 0 . 8 4 2 0 0 . 9 1 3 5 1 . 0 2 7 9 1 . 3 3 6 5 1 . 4 0 7 4 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d .  mass f l o w . 1 3 2 . 5 5 7 2 1 7 4 . 5 3 9 5 2 0 4 . 8 0 3 8 2 2 5 . 3 0 4 8 2 5 1 . 4 7 2 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
n . d . s p e e d 3 0 1 7 . 1 0 7 3 2 8 9 5 . 2 1 9 2 2 9 0 2 . 2 7 1 6 3 1 4 3 . 9 3 2 0 3 0 5 1 . 4 8 5 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
e f  f i c i e n c y . 0 . 6 2 3 0 . 5 7 8 0 . 5 5 3 0 . 5 6 2 0 . 5 3 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
c o m p r e s s o r  mass f 1o w ( k g / m { n ) . 8 . 5 0 1 0 . 2 7 1 2 . 0 1 1 5 . 0 5 1 6 . 3 2 0 . 0 0 0 . 0 0 0 . 0 0
d e l e v e r e d  a i r  t o  f u e l  r a t i o 2 4 . 3 4 2 2 . 5 6 2 2 . 6 6 2 5 . 3 1 2 5 . 5 5 0 . 0 0 0 . 0 0 0 . 0 0
v . g .  n o z z l e  w i d t h  ( m.rn.  ) 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 1 3 . 5 0 0 0 0 . 0 0 0 0 o . o o o o 0 . 0 0 0 0
c o o l e r  e f f e c t i v e n e s s 0 . 9 0 1 7 0 . 8 7 1 1 0 . 8 4 3 2 0 . 8 0 8 5 0 . 7 8 0 3 o . o o o o 0 . 0 0 0 0 0 . 0 0 0 0
e n g i n e  d i a g r a m  f a c t o r 0 . 9 8 5 0 0 . 9 6 6 0 0 . 9 5 1 5 0 . 9 3 0 0 0 . 9 2 5 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
s t a r t  o f  i n j e c t i o n ( d e g . ) 3 4 2 . 3 6 3 4 0 . 8 9 3 4 0 . 4 3 3 4 0 . 7 5 3 4 2 . 2S 0 . 0 0 0 . 0 0 0 . 0 0
d u r a t i o n  o f  i n j e c t i o n ( d e g . ) 1 8 . 2 1 2 0 . 0 0 2 0 . 1 6 2 0 . 5 0 2 1 . 5 0 0 . 0 0 0 . 0 0 0 . 0 0
t u r b i n e  n o z z l e  a n g l e ( d e g . ) 1 0 . 5 0 1 5 . 5 0 1 9 . 0 0 1 9 . 5 0 2 3 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
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CHAPTER 4 
OPERATION OF THE DCE 
W ITH VARIABLE NOZZLE TURBINE
In this chapter, the detailed performance characteristics of the DCE and the 
effects of changing ambient conditions on the system operation are studied. In all 
these studies, particular attention has been paid to analysing the interrelation 
between the many operating variables and their effects on the overall system 
performance, the understanding of which is essential for grasping the behaviour of 
the system and hence for the development of a system optimisation strategy.
4.1 Design Consideration
As in the case of a conventional system, a proper match between the different 
components is of fundamental importance. Due to the greater flexibility of the DCE 
as compared with turbocharging systems, it is not difficult to obtain a ’match' from 
the point of view of the various compatibility requirements of the system. 
However, some factors specifically relevant to the DCE have to be taken into 
account. For instance, because the compressor is driven mechanically by the engine, 
part of the output power is thus consumed. Therefore, the compressor power should 
be as small as possible provided the demanded mass flow is satisfied. In the initial 
matching process, the following requirements have to be satisfied simultaneously at 
the design point:
a)  The engine rating should be high, but not excessive, in order to allow an 
ample margin for the increase in boost and BMEP on the limiting torque curve 
without which the high torque ratio of the DCE cannot be realised. This in turn 
implies: air/fuel ratios of the order of 27 to 29:1; and boost ratios of the order of 
2.8 to 3:1.
b)  The ratio (engine-power/compressor-power), which is a function of the 
epicyclic gear train as well as of the choice of output shaft speed relative to engine 
speed, should be of the order of 3.0 to 3.8:1. If it is too low it implies excessive air
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flow relative to the engine demand, if it is too high, the compressor will speed up 
excessively as output shaft speed is reduced. This in tu rn  implies excessive bypass 
flows or the need to reduce engine speed excessively if the limiting compressor speed 
is not to be exceeded. For the Lysholm type blower a speed margin of between 1.8 
and 2.1 as between rated and max. output shaft torque conditions is reasonable.
c)  The bypass flow at the rated point should not be more than between 5% 
and 7%.
d)  The compressor operating point should lie in such a position in the 
compressor map that the region of best efficiency is covered on the limiting torque 
curve.
In order to achieve these objectives, an appropriate combination of 
compressor, turbine and geartrain, with the engine has to be determined. The 
selection of the compressor is obtained by varying a scale factor using a given basic 
operating map, and no particular difficulty exists in matching the turbine because of 
the use of variable nozzles. The selection of a set of epicyclic geartrain ratios is of 
special importance because it has a very strong bearing on the speed and power 
relationship between the engine, compressor and the output shaft.
The matching process can be quite difficult because of the complex relationship 
between the various parameters. Obviously, a change in compressor scale factor will 
cause a change in compressor power as well as in mass flow in relation to its speed, 
while the variation of gear ratios will result in a change in the power flow in 
different components.
The important data for the L10 engine have been shown before in Table-3.1. 
The Holset H2C 8640 turbocharger turbine is adopted, i.e. its dimension is used in 
running the analytical program. A Compair screw compressor is used.
The initial work for matching the L10 DCE was carried out by 
Ghadiri[unpublished internal report]. The parameters adopted are as follows:
overall output shaft gear ratio: 1.445
overall compressor gear ratio: 9.55
compressor scale factor: 1.1





The performance of the system under standard conditions is presented on 
Table-4.1 together w ith Fig-4.1 and Fig-4.2. The strategy is to allow the system to 
work at six different output shaft speeds, 440, 500, 1050, 1600, 1900, and 
2200rpm; while at each speed, the system is allowed to operate at four power 
levels, full, three quarters, half and quarter load. In the following, the performance 
results will be examined in detail.
a)D esign and Sta ll Points
Some major parameters at the design and stall points are listed below:
design stall
engine speed(rpm) 2100 1350
Eng.power(kw) 240.00 241.77
boost ratio 2.638 3.95







O/S speed(rpm) 2200 440
O/S power(kw) 235.57 186.55
O/S eff. 0.3907 0.3461
gear loss(kw) 15.45 13.55
From the design point data, it can be seen that a very satisfactory match is 
obtained w ith an air/fuel ratio of 30.575, while the bypass flow is nearly 
eliminated(compressor mass flow equals the engine mass flow). The output shaft 
power is very close to the engine power and the output efficiency is comparable to 
the engine efficiency. This is quite remarkable considering that the transmission 
losses in the gear train have been taken into account. This is due to the compounding
-53-
feature of the system: the turbine power exceeds the compressor power(74.96kw cf. 
63.94kw), therefore more power is fed to the output shaft.
At the stall point, the position appears to be a little different. As a result of 
the higher compressor speed, the compressor mass flow is substantially increased, so 
is the boost ratio and the compressor pressure ratio(4.219). The air/fuel ratio is 
acceptable and the engine performance is very good(eff.0.4485, due to the 
combination of low speed and high BMEP of 21.4477bar). However, the output 
results are not so encouraging, with an efficiency of 34.61%, as compared with 
39.07% at the design point. This is due to the high power consumption of the 
compressor(l81.77kw) and the relatively low power output of the 
turbine(144.13kw) which in turn is the result of the lower turbine inlet 
temperature arising from the large bypass flow. It can be seen that the bypass flow 
is even higher than the engine mass flow, therefore a substantial amount of energy 
is wasted. The large air flow is an inherent feature of the differential coupling 
between engine, output shaft and compressor, and reflects the fact that at low 
output shaft speeds and high torques, the circulating air fulfills the dual function of 
satisfying not only the combustion requirement of the engine, but also the torque 
conversion requirement of the system.
b)General
By examining the data from different power levels at a particular output 
shaft speed, it can be seen that as engine power decreases, the engine efficiency also 
decreases. At the same time the engine speed is reduced, and the compressor speed 
decreases at an even greater rate. Naturally, the lower the compressor speed, the less 
the power it consumes. However, due to the increasing inbalance between 
compressor and turbine power, the output shaft efficiency decreases steadily with 
decreasing engine power. This is most clear in Table-4, la  at the output shaft speed 
of 440rpm; at the 1/4 power level, the efficiency is very poor(0.1577). These trends 
can also be seen at other output shaft speeds and are a common feature of all 
compounding schemes.
Generally, the output efficiency is a function of engine efficiency, compressor 
and turbine efficiency, of the amount of bypass flow, and particularly of the boost 
level at which the plant operates.
c)F urther Remarks
Fig-4.1(a-& illustrate the operating characteristics of the DCE as contours of
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the following parameters in a field of output torque and output shaft speed:
Fig-4.la overall efficiency 
b boost ratio 
cBMEP
d turbine gear ratio 
e turbine nozzle angle
In Fig-4.la, overall efficiency of 40% has been reached and efficiency of over 
37% covers a large area in the output torque/speed map, which indicates the system 
performance at high power level and high output shaft speeds is very good, because 
under these conditions, turbine power exceeds compressor power. However, as load 
decreases, compressor power will exceed turbine power, and this is always the case 
at lower output shaft speeds, therefore overall efficiency will be low. In Fig-4.lb, on 
the limiting torque curve, the boost ratio increases gradually as the output shaft 
speed decreases, accompanied by an increase in BMEP with decreasing output shaft 
speed, as shown in Fig-4.lc. Fig-4.Id shows that turbine gear ratio increases with 
decrease in output shaft speed and with increase in load in order to maintain an 
appropriate turbine speed(blade speed ratio), and therefore high turbine efficiency. 
Fig-4, le  shows the contours of turbine nozzle angle which is in line w ith the boost 
ratio and mass flow through the system. Clearly, for optimisation, these latter two 
parameters have to be carefully scheduled.
It also can be seen from Fig-4.1 that, on the limiting torque curve, a very high 
torque ratio of 3.96 over the speed range 2200 to 440rpm, i.e. a speed ratio of 5:1, is 
achieved(output shaft torque at sll of 4046Nm and at rated of 1022Nm). The 
maximum boost ratio(at stall) is rather high(3.95) and so is the compressor pressure 
ratio(4.219). The maximum BMEP(at stall) reaches the value of 21.4477bar at an 
engine speed of 1350rpm. Compared with the turbocharged version of the engine, 
although maximum engine power has not increased as much as expected(240 cf. 
183kw), the performance characteristics have been enhanced significantly. With the 
latter, as the engine speed decreases, the power decreases as well. The torque rises 
only slightly over a narrow speed band(BMEP from 10.74bar at 2100rpm to 13bar 
at 1300rpm), with a torque ratio of 1.21, i.e. torque backup of 21%(chapterr-3).
In Fig-4.2, the operating points of the engine are superimposed on the 
compressor map. It can be seen that although the match is acceptable, it is not ideal. 
If the system operating points can be moved to a higher compressor efficiency region, 
better results can be obtained.
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4.3 Operation with New Compressor Map and Re-Optimization 
(set-up of new base line)
4.3.1 General Approaches
a)Compressor Re-M atch
In the previous section, it has been mentioned that if the operating points of 
the engine can be moved to a higher compressor efficiency area, the results can be 
improved, see Fig-4.2. Fig-4.3 shows the same compressor map in a slightly 
different form: mass flow rate(kg/min) is used instead of volume flow
rate(cub.m /min). An associated study has been carried out by Ghadiri[unpublised 
report], by introducing a more suitable compressor which is shown in Fig-4.4. The 
change can be seen by comparing Fig-4.3 with Fig-4.4: the efficiency contours have 
moved towards a lower speed region and the area covered by a specific efficiency 
contour has been expanded in both the high and low pressure ratio directions. As 
expected, system performance has been generally improved by using the new 
compressor map. To show the fu ll potential of the system, this new compressor map 
w ill be adopted in future investigations.
b)System  Re-Optimization fo r  Best Engine Speed
In setting up the new base line data, a further measure has been taken, i.e. 
re-optimization of the system for best engine speed. As discussed in chapter-2, 
selection of a suitable engine speed has strong effects on system performance under a 
specified operating condition. Further, in an investigation into the operation of the 
DCE with a fixed nozzle turbine it is revealed that under certain operating 
conditions, the system performance with a fixed nozzle turbine has been improved 
over that w ith a variable nozzle turbine(referring chapter-5), as a result of drastic 
decrease in engine speed, particularly at low load, accompanying the reduction in 
turbine nozzle angles. Investigations showed that by removal of the limit of 
llOOrpm on minimum engine speed (which was adopted for standard operation), 
the overall efficiency of the system can be substantially improved.
Clearly, the optimisation process is now carried out in a more complete sense. 
The program allows the engine speed, as well as the turbine nozzle angle and 
turbine gear ratio to vary, the latter two being the only independent variables in 
the previous calculations. Therefore optimal conditions can virtually  be searched 
for over the entire operating field. Generally, if the engine speed is too low, the mass
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flow requirement of the engine will exceed what the compressor can provide. This 
can be detected and subsequently corrected by modifying the input data by 'trial 
and error' in the earlier runs, but w ithout necesarily arriving at a true optimal 
engine speed. In most such cases, the engine speed is higher than the optimal 
requirement. This means that power surplus to requirements is fed to the 
compressor and hence the system efficiency will suffer. The existing program DCE2 
as previously used was modified to enable this shortcoming to be removed, i.e. by 
comparing the efficiencies at different engine speeds optimal conditions are achieved 
in an iterative manner. The engine speeds are selected such that the optimal system 
efficiency is reached and at the same time the air/fuel ratio is maintained above 26.
4.3.2 Presentation of Results
The calculation is carried out under the same(standard) ambient conditions 
as in the preceding section, and over the same operating range(Table-4.l). The 
results are presented in Table-4.2(a-c) together with Fig-4.5(a-e). In the following, 
the standard results will be used as the basis and the effects of the new approach 
will be assessed.
a)Regime at Output Sha ft Speed o f  2200rpm (Table-4.2c)
The data at the design point are presented in the following:
standard reoptimised
Eng.speed(rpm) 2100. 2100.
boost ratio 2.638 2.677




air flow(kg/min) 25.63 25.86
Comp.power(kw) 63.94 64.08
speed(rpm) 5515 5515
mass flow(kg/min) 25.76 25.94
efficiency 0.724 0.724

















As can be seen, the engine speed remains unchanged and the compressor 
efficiencies are exactly the same. Little difference exists between the two sets. 
However, due to the slightly higher engine efficiency, resulting from the slightly 
high boost ratio and BMEP, the overall efficiency is slightly improved.
Similar changes can be seen at the 3/4 full load point. However, due to the 
improvement in compressor efficiency(0.749 cf. 0.679), there is a greater 
improvement in overall efficiency(0.3815 cf. 0.3652). Clearly this is essentially the 
result of compressor re-match (engine speed unchanged).
A t the other load levels, in addition to the improvements in compressor 
efficiency(0.708 cf. 0.610 at 1/2 load) the engine speeds have been reduced(1880rpm 
cf. 1900rpm at 1/2 load). At the 1/2 load point, the change in engine speed is 
greater, this results in a greater improvement in overall system efficiency(0.3464 cf. 
0.3232, being more than 2 percentage points).
b)Regime at Output Sha ft Speed o f  440rpm (Table-4.2a)
At the stall point, compressor efficiency is improved(0.713 cf. 0.675) and 
engine speed is slightly reduced(1340rpm cf. 1350rpm). The overall efficiency is 
subsequently improved, but the effect is not very strong(0.3486 cf. 0.3461). 
However, due to the improvement in output shaft torque (4233.3Nm cf. 
4046.9Nm), the overall torque ratio(across the entire speed arnge) has been 
increased (4.158 cf. 3.96).
As load decreases, the change in engine speed increases. This leads to increased 
changes in system performance. At the 1/4 load, a drastic change in engine speed has 
taken place, resulting in a significant improvement in overall efficiency. The data at 




boost ratio 1.337 2.198








mass flow(kg/min) 38.98 17.57
T urb.po wer(k w) 8.36 22.18
speed(rpm) 12584 30764
nozzle angle(deg) 36.66 6.16
O/S speed(rpm) 440. 400.
power(kw) 23.16 44.21
efficiency 0.1577 0.3057
As a result of the reduction in engine speed. BMEP and engine efficiency have 
increased. More significantly, compressor mass flow rate and power have been 
substantially reduced. The lower compressor power is also a result of higher 
compressor efficiency. The great increase in turbine power is attributed to higher 
pressure ratio and efficiency. Clearly, with lower compressor power and higher 
turbine power, the output power will be higher. All these lead to a much higher 
overall efficiency, the value being nearly doubled.
It also can be seen that the turbine nozzle angle is drastically reduced, which 
is in line with the reduction in system mass flow and the increase in boost ratio.
c)General Trend
By further comparing Table-4.1 and Table-4.2, it can be seen that w ith the 
adoption of the new approach, the system efficiency has been improved over the 
entire operating points. For a given output shaft speed, the greatest change usually 
occurs at the low load, where the reduction in engine speed is greatest.
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Fig-4.5(a-e) shows the variations of various parameters over the entire 
operating range. The improvement in efficiency is substantial. As can be seen, the 
area embraced by the 0.39 efficiency contour in Fig-4.5a is almost as large as that 
embraced by the 0.372 efficiency contour in Fig-4.la. Boost ratio. BMEP and turbine 
gear ratio have all increased while nozzle angle and its range have both been 
reduced.
In all the later studies, the approach adopted in this section will be applied 
and the results obtained with this approach. Table-4.2 and Fig-4.5 w ill be taken as 
the new base line data.
4.4 Operation under Changing Ambient Conditions
The differential link between the engine and the compressor imposes a unique 
torque and power relationship between them. If the engine operating point, i.e. its 
speed and torque, together with the output shaft speed are fixed, the compressor 
speed and hence the volume flow rate of the compressor w ill be fixed. Further, the 
power flow to the compressor will also be fixed(chapter-2).
As the ambient pressure is reduced, the specific power requirement per unit 
volume of the compressor will be reduced for the same pressure ratio. Consequently 
the total power requirement of the compressor will be reduced. However, as 
mentioned earlier, the power supply to the compressor is fixed, and as a result the 
pressure ratio of the compressor w ill be forced to increase, thus maintaining the 
equilibrium of the system. With this increase in pressure ratio a greater proportion 
of charge air will be forced into the cylinder. This implies a relatively lower bypass 
flow, therefore less additional power for compressing bypass air. In addition, the 
turbine will operate a little more favourably with increased inlet temperature and 
reduced back pressure. What is of the greatest importance is that the mass flow 
requirement by the engine can be easily met by varying the engine speed, owing to 
the fact that at a given output shaft speed, a relatively small increase in engine 
speed will lead to a substantial increase in compressor speed.
Elevation of ambient temperature has the effect of reducing the density of the 
air at compressor inlet. However, the specific power per unit volume will not be 
affected so that the epicyclic gear torque and power balance is preserved. On the 
other hand, the density of the air charge obtained will be reduced in proportion to 
the intake density w ith adverse effect on trapped air/fuel ratio.
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The investigation of changes in ambient conditions is presented in three 
separate parts, dealing w ith the effects of reduced ambient pressure, elevated 
temperature and the combined effects of these two changes.
4.4.1 Derating for Reduced Ambient Pressure 
(Pa=0.8415bar,Ta=294.4K) Table-4.3(a-c)
4.4.1.1 General
In this section, the effects of a reduction in ambient pressure on system 
performance are studied. The computations are carried out again over the complete 
range of operating points as set out in Table-4.l(a-c) and Table-4.2(a-c) for 
standard ambient conditions. In the present calculations, the ambient pressure is 
reduced to 85% of the standard value, which corresponds to an altitude of about 
1250m. The results are shown in Table-4.3(a-c). Again, the approach developed in 
section-4.3 is adopted, i.e. engine speed is fu lly  optimised and the new compressor 
map is used. In the following, the new base line data(Table-4.2 and Fig-4.4) will be 
used as the basis for comparison.
4.4.1.2 Presentation of Results
The effects of reduced ambient pressure on the performance of the system can 
be seen by a comparison between the data in Table-4.2(a-c) (base line) and Table- 
4.3(a-c). As expected, the mass flow rate of the compressor is reduced and the 
pressure ratio increased. In most cases, engine speed has increased indicating higher 
volume flow through the system. For the engine, the air/fuel ratio is reduced but 
still sufficient. Reduction of the air/fuel ratio results in a higher exhaust 
temperature.
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a)Regim e at Output Sha ft Speed o f  2200 revlm in[Table-4.3c)
Some data at the design point are extracted below:
baseline derated
Eng.speed(rpm) 2100 2155
boost ratio 2.677 2.886




air flow(kg/min) 25.86 24.02
Comp.power(kw) 64.08 68.31
mass flow(kg/min) 25.94 24.12
Turb.power(kw) 74.07 81.88
speed(rpm) 45860. 49300.










As can be seen, at this point, the engine speed has to increase(2155rpm cf. 
2100rpm) to satisfy the air demand of the engine from the compressor(engine mass 
flow and compressor mass flow are comparable, implying zero bypass flow). 
Compressor mass flow, and therefore engine air flow and air/fuel ratio have all 
decreased while boost ratio increased. BMEP has also slightly increased. These result 
in a slightly lower engine efficiency. Due to increase in engine speed, the compressor 
power has increased. However, the turbine power has also increased due to higher 
pressure ratio, higher speed and higher inlet temperature, and this leads to a increase 
in surplus power of the turbine over that of the compressor(81.88-68.31=13.57kw 
cf. 74.07-64.08=9.99kw). The final result is a slightly reduced overall efficiency, 
indicating the effects of lower engine efficiency.
A similar trend can be seen at other power levels.
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b)Regime a t Output Speed o f  440 rev /m in
Some im portant data at the stall point are shown below:
baseline derated
Eng.speed(rpm) 1340. 1320.
boost ratio 4.203 4.881




air flow(kg/min) 26.05 24.42
Comp.power(kw) 180.62 179.84
mass flow(kg/min) 49.51 40.63
T urb.power(kw) 153.2 149.2
speed(rpm) 47293 50505
nozzle angle(deg) 9.457 8.047
O/S speed(rpm) 440. 440.
power(kw) 195.14 192.22
efficiency 0.3486 0.3485
A t this point, there in a slight decrease in engine speed, hence a similar 
increase in BMEP. This results in a higher engine efficiency. However, an increased 
imbalance between the turbine and compressor power(l49.17-179.84=-30.67kw cf. 
153.17-180.62=-27.45kw) has a negative effect on system performance. The 
interaction between these two factors leads to very similar overall efficiencies.
The engine speed at 1/2 load has also decreased while those at 3/4 and 1/4 
loads increased. The interaction among various factors results in increased 
efficiencies for the 3 /4  and 1/2 load points.
c)General Trend
Similar trends can be observed at other output shaft speeds.
It can be seen tha t the variation of turbine nozzle angle is not regular. Under 
reduced ambient pressure conditions, the boost ratio w ill be higher. This tends to
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require a smaller nozzle angle. However, due to increase in engine speed, the volume 
flow rate through the system will be higher. This tends to demand a larger nozzle 
angle. Clearly, the variation of turbine nozzle angle will depend on the extent to 
which the pressure ratio and engine speed have varied.
Fig-4.6(a-e) shows the contours of efficiency, boost ratio, BMEP, turbine gear 
ratio and turbine nozzle angle. Compared with the corresponding plots in Fig-4.5, it 
can be seen that overall efficiency has only slightly deteriorated, e.g. the area 
encompassed by the 0.39 efficiency contour has only marginally reduced under the 
reduced ambient pressure conditions. The increase in boost ratio is clearly shown. In 
some cases(high load, low speed region), there is a slight decrease in BMEP. Also, the 
turbine gear ratio has increased and quite a similar pattern exists in the two turbine 
nozzle angle contour plots.
4.4.2 Derating for Elevated Temperature 
(Pa=0.99bar,Ta=313.3K=40degx)
4.4.2.1 General
In the present calculation, the ambient temperature is raised from 
294.4K(21.2deg.c) to 313.3K(40deg.c) and the effects of this increase on the 
characteristics of the system are investigated. The results are shown in Table- 
4.4(a-c) and Fig-4.7(a-e)
4.4.2.2 Presentation of Results
 ^ Comparison of Table-4.4(a-c) with Table-4.2(a-c) demonstrates that the 
increase in the ambient temperature has brought about a shift in the balance of the 
system, although the extent of this shift is different under different operating 
regions. As can be seen, in the lower output shaft speed region, i.e. 440rev/min and 
500rev/min, the engine speed remains almost unchanged at corresponding operating 
points, while at higher output shaft speeds, the engine speed is increased. In general 
the mass flow rate is decreased, coupled with a fall in air/fuel ratio. The compressor 
delivery temperature and hence the inlet manifold temperature rises, as expected. 
For all the operating points, the engine efficiencies deteriorate slightly. As for the 
boost ratio, decreases can be observed wherever the engine speed is increased. 
Finally, the overall efficiency is slightly lower over the entire operating range, but 
there is no loss of output power.
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a) Regime a t Output Sha ft Speed o f  2200rev/m in(Table-4.4c)
At the design point, the engine speed is increased(2120rev/min cf. 
2100rev/min) in order for the compressor to satisfy the demand for mass flow by 
the engine. In parallel, the engine BMEP together w ith engine torque decreases, 
hence boost ratio decreases(2.655 cf. 2.677). A closer examination of this change 
reveals the nature of the process, i.e. by increasing compressor flow rate(higher 
engine speed) together with shifting the distribution of the air flow between the 
engine and the bypass(lower boost ratio indicating less engine mass flow) a new 
balance is reached. In addition, with lower air density the air/fuel ratio w ill 
decrease. As shown in the table, the reduction in air/fuel ratio is substantial(28.806 
cf. 31.383) but not critical. The high inlet manifold temperature together with a 
decrease in air/fuel ratio leads to a much higher exhaust temperature(948K cf. 
884K), whereas the maximum pressure in the cylinder is slightly low er(ll6.29bar 
cf. 118.40bar). All these factors lead to lower engine efficiency(0.3965 cf. 0.4052).
As a result of the increase in engine speed, the compressor speed becomes 
higher(5706.2rev/min cf. 5515.2rev/min) and the compressor pressure ratio 
lower(2.925 cf. 2.953). These two factors interact w ith each other, resulting in very 
similar mass flow rate(25.914kg/min cf. 25.941kg/min). However, it is the pressure 
ratio that dictates the flow rate across the engine, which displays a greater 
difference(24.236kg/min cf. 25.856rev/min). Due to the dominant influence of the 
volume flow rate, compressor power is higher(65.63kw cf. 64.08kw), even though 
associated w ith a slight improvement in efficiency(0.729 cf. 0.724).
In line w ith the shift of the engine and compressor operation, the turbine 
expansion ratio decreases(2.820 cf. 2.849) and the turbine nozzle angle 
increases(9.007degree cf. 8.843degree). It should be noted tha t the turbine nozzle 
angle and the turbine gear ratio(turbine speed) are two important parameters for 
the operation of the variable nozzle turbine, for they can be properly selected to 
accommodate a specific set of expansion ratio and mass flow rate, which in turn are 
dictated by the engine and compressor operating condition. More importantly, 
appropriate pairs of nozzle angle and turbine gear ratio will result in the highest 
turbine efficiency for a prescribed expansion ratio and mass flow. In fact the 
program is so constructed that the optimum combination of these two parameters 
can always be obtained. Obviously a very complex interaction exists between the 
various operating parameters. In the present case, with reduced expansion ratio but 
similar mass flow rate, the nozzle angle has to increase(9.007degree cf. 8.843degree),
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as already stated. Owing to the higher inlet temperature(928K cf. 882K), the 
turbine speed is increased(46420.4rev/min cf. 45859.9rev/min) and the turbine 
power is higher(75.80kw cf. 74.07kw).
All these factors lead to a slight deterioration in overall efficiency(0.3878 cf. 
0.3961). Further examination of the data shows that at other power levels a similar 
pattern is followed.
b)Regime at Output S h a ft Speed o f  440rev/m in(Table-4.4a)
As stated earlier, the engine speeds are almost identical at corresponding 
power levels. This shows that it is not necessary to increase the engine speed to meet 
the demand for mass flow by the engine. This is ascribed to the relatively higher 
compressor speed compared with that of the engine, as a result of a lower output 
shaft speed. In this region, a large proportion of compressor mass flow is bypassed, 
implying substantial amounts of surplus mass flow over the engine demand.
At the stall point, the boost ratio is slightly higher(4.212 cf. 4.203). The 
compressor mass flow is reduced(46.527kg/min cf. 49.514kg/min), as is the engine 
mass flow(24.406 cf. 26.051), as a result of lower air density. The engine efficiency 
is lower(0.4184 cf. 0.4286) and the exhaust temperature higher(911.97K cf. 
846.09K). As expected, the compressor power remains unchanged. The turbine 
nozzle angle is slightly decreased(9.221degree cf. 9.457degree) to match the 
similarly slight increase in expansion ratio(4.306 cf. 4.303). The turbine power is 
higher(154.88kw cf. 153.17kw), for the inlet temperature is higher(747.63K cf. 
696.47K); this latter effect outweighs that of smaller mass flow rate(47.331kg/min 
cf. 50.300kg/min). Overall, the effect of the engine efficiency exceeds that of the 
turbine, leading to a lower overall efficiency(0.3427 cf. 0.3486). The data at other 
power levels exhibit a similar pattern.
Another important point is that the output shaft torque at the stall point has 
increased (4267.9Nm cf. 4233.3Nm), implying the dynamic performance of the 
system has been improved.
c)General Trend
Fig-4.7(a-e) shows the contour plots for various parameters as before. 
Compared with Fig-4.5, the area encompassed by the corresponding efficiency 
contours has reduced. Boost ratio. BMEP and turbine gear ratio have decreased 
while nozzle angle has increased, with a shift of position, the smallest nozzle angle
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contour has moved towards the lower speed and higher load region.
4.4.3 Combined Effects of Ambient Pressure and Temperature 
(Pa=0.8415bar,Ta=313.3KXTable-4.8(a-c)
A further investigation has been carried out to obtain an insight into the 
combined effects of reduced ambient pressure and elevated ambient temperature. 
Table-4.5(a-c) shows the results obtained, under an ambient temperature of 
313K(40deg.C) and an ambient pressure of 85% of the sea level value; It is again 
based on the improved compressor map and on engine speed optimisation. It can be 
seen by first comparing Table-4.2(base line, standard conditions) with Table- 
4.4(temperature derating) and then with Table-4.5(combined temperature and 
pressure derating) that the effect of elevation in ambient temperature is far more 
severe than that of reduction in ambient pressure. For example, at the design point, 
the elevation of the temperature reduces the air/fuel ratio from 31.383(Table-4.2) 
to 28.806(Table-4.4), while a drop of ambient pressure only reduces it from 28.806 
to 27.239(Table-4.5).
In order to determine the combined effect of reduced ambient pressure and 
elevated ambient temperature, a comparison can be made of the important 
parameters between Table-4.2(standard ambient conditions) and Table-4.5(reduced 
ambient pressure and elevated ambient temperature).
Looking back to the previous separate investigations, i.e. the performance of 
the system under reduced ambient pressure (section-4.4.1) and elevated ambient 
temperature (section-4.4.2), it is clear that the effects of each will interact with 
those of the other in a very complex manner. They could lead to similar 
consequences in some cases but to opposite ones in others. Besides, the extent of the 
effects could be quite different. For instance, in both cases an increase in engine 
speed is required to achieve a new system equilibrium. In the present case, the 
increase in engine speed due to ambient pressure reduction is greater than for 
temperature elevation. The boost ratio will always increase in the case of lower 
ambient pressure, but the change of the turbine nozzle angle w ill depend on the 
extent of engine speed change. If the increase in engine speed is below a certain 
value, the nozzle angle may decrease due to higher boost ratio. However, if this 
increase is quite large, due to a higher resultant increase in mass flow, the nozzle 
angle has to be increased. On the other hand, the boost ratio w ill usually decrease 
with an increase in engine speed in the case of elevated ambient temperature, and
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the turbine nozzle angle will increase to allow a greater volume flow. In the 
following some data at the design and stall points are selected from Table-4.2 (sea 
level), Table-4.4 (elevated ambient temperature) and Table-4.5 (reduced ambient 







engine speed(rev/m in) 2100 2120 2180 1340 1340 1320
boost ratio 2.677 2.655 2.904 4.203 4.212 4.976
air/fue l ratio 31.383 28.806 27.239 33.480 30.586 29.401
max.cylinder p(bar) 118.40 116.29 126.14 160.96 157.8 158.04
exh. temp.(K) 883.83 947.83 968.74 846.09 911.97 939.08
engine eff. 0.4052 0.3965 0.4007 0.4286 0.4184 0.4154
engine mass flow(kg/min) 25.856 24.236 22.752 26.051 24.406 23.626
comp, mass flow(kg.min) 25.941 25.419 23.816 49.514 46.527 38.180
comp, pow er(kw ) 64.08 65.63 70.19 180.62 180.61 179.84
turbine gear ratio 20.8 21.1 22.4 107.5 109.6 119.4
turb.nozzle angle(deg.) 8.843 9.007 9.184 9.457 9.221 7.906
turbine pow er(kw ) 74.07 75.80 79.29 153.17 154.88 153.10
outpu t pow er(kw ) 234.74 234.74 233.33 195.14 196.73 195.89
ou tpu t eff. 0.3961 0.3878 0.3883 0.3486 0.3427 0.3388
It will be observed that although the air/fuel ratio decreases continuously, it 
is still sufficient. The variation in overall efficiency and output power is very small. 
At the design point the compounding effect, i.e. excess of turbine power over 
compressor power, remains virtually constant at approximately lOkw, while at the 
stall point, the adverse power balance associated with the inevitable high degree of 
bypassing, is again almost constant at approximately 26kw.
At these two points, efficiency has deteriorated by less than 1 percentage 
point. However, at some other points, this is no longer true, the deterioration 
approaching 2 percentage points. To demonstrate this, the efficiencies at all operating 
points are tabulated below (base line efficiency/derated efficiency):







































































The contours of various parameters are shown in Fig-4.8(a-e). Compared with 
Fig-4-5 (base line), there is a clear deterioration in efficiency, which is just above 1 
percentage point in a certain area of high loads. Boost ratio and BMEP have 
decreased while turbine gear ratio has increased. Maximum nozzle angle has reduced 
while the pattern ramains almost unaffected.
However, the output shaft torque has been slightly increased (4249.5Nm cf. 
4233.3Nm), indicating the overall output torque ratio has been maintained.
Considering the extent of the change in ambient conditions this can be 
considered satisfactory, particularly when compared w ith turbocharged engines.
4.4.4 Discussion
It is clear from the cases studied so far that the system can operate under 
elevated altitude and temperature with virtually no derating, and without 
exceeding normal operating limits of maximum cylinder pressured 60bar) and
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exhaust temperature(700deg.c). Due to the differential linkage of the system, 
adjustm ent can always be made for it to adapt to lower ambient pressures by 
raising the boost ratio. This is further illustrated in Table-4.6, in which the ambient 
pressure is reduced to 70% of the standard sea level value which corresponds to an 
altitude of about 3000m. Only the data at two operating points are shown, i.e. the 
stall point and the design point. It can be seen clearly that the DCE can still work at 
fu ll power w ithout appreciable loss of output shaft efficiency (0.3398 cf. 0.3486 at 
the stall point, and 0.3868 cf. 0.3961 at the design point compared w ith Table-4.6). 
Other parameters are also satisfactory. This should be considered excellent provided 
the compressor pressure ratio of 6.175(extrapolated) at the stall point is obtainable, 
with' a reasonable efficiency; and the engine speed can be increased to 2255rpm at the 
design point. Further, while ambient pressure decreases w ith altitude, so does 
ambient temperature. Therefore the negative effects of the former will be partially 
offset by the compensating effects of the latter, so far as air density and its effects 
on system performance is concerned.
These characteristics are inherent in the system. Under reduced ambient 
pressure conditions, at a certain operating point, typically at fu ll power and a high 
output shaft speed, the pressure ratio will rise. Under these circumstances the air 
demand by the engine will exceed compressor supply and a new balance is reached 
with an increase in engine speed. Therefore the compressor speed and hence the 
compressor mass flow rate(and power supply) will increase. At this new 
equilibrium, the mass flow across the engine is relatively higher while the fuel per 
revolution becomes lower because of the fixed engine power condition. As a result, 
the air/fuel ratio w ill increase relatively. In addition, the gear train selected and the 
match between different components lead to high air/fuel ratios under sea level 
conditions(31.383). This garantees, to some extent, that the reduction of air/fuel 
will not become critical with deceases in ambient pressure.
The ambient temperature only varies within a very narrow range from a 
practical point of view, and within this range the highest value is limited. Probably 
40 degree C may be considered a reasonable limiting value.
Theoretically, optimisation for the best engine speed is as essential as for 
other parameters, such as turbine nozzle angle and turbine gear ratio. However, in 
the present investigation, significant effects only appear at lower power conditions, 
associated w ith very low engine speeds. If these values are within practical limits, 
these results can be accepted. Otherwise, further adjustment has to be made. At
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higher power conditions only a slight improvement has been produced through 
engine speed optimisation. This implies that the original engine speeds at these 
points are very close to the true optimal values(Table-4.1). Under these optimal 
conditions, the best combinations of engine speed, turbine nozzle angle and turbine 
gear ratio have been achieved. Probably the most significant factors are bypass flow 
and compressor and turbine efficiencies. The better the component efficiencies and the 
smaller the bypass flow, the better the overall efficiency. However, these parameters 
can vary in opposite directions, therefore a compromise has to be made. For 
example, the bypass flow at higher output shaft speeds is required to be as small as 
possible, but this is not the case at lower output speeds when high compressor 
speeds and hence air flow in excess of engine demand are inevitable. Furthermore, 
once a compressor and turbine has been selected, there is very little subsequent 
control over the manner in which efficiencies vary with operating conditions.
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T a b l e - 4 .1  S tan dard  map, s ta n d a r d  c o n d i t i o n s
C U M f l h S  1.10 d c r STALL tolW T 4 5 20 15 27
number o f  c y l i n d e r *  9 . 0
c on- r od  l en gt h  ( m.m.) 217 . 70
awbjent temperat ure  C deg k ) inn,a
c ompr ess io n r a t i o  16 .30
- - - - -  compressor  gear  r a t i o
bore  ( m.m.) 1 2 5 . 0 3
i n l e t  v a l v e  c l o s i n g  ( de gs  ) 193 . 0
ambient  p r e s s u r e  ( bar ) 0 . 9 9
e n g i n e  diagram f a c t o r  0 . 9 8 7 9
9 . 550 0
s t r o k e  ( » . * . )  1 36 . 00
compr ess or  s c a l e  f a c t o r  1 . 10
c o o l e r  e f f e c t i v e n e s s  0 . 8 10 9
t u r b i n e  f lo w l o s s  f a c t o r  0 .8 00 0































e ng i ne  s p e e J ( r . p . m )  
boos t  p r e s s u r e  r a t i o  
d e l i v e r e d  a i r  t o  fue l  r a t i o  
d e l i v e r y  r a t i o  
ma ni f ol d  tenp ( deg k)
e n gi n e  power ( k w. )
en g i ne  t orque ( n.m,  ) )  
b . m . e . p  ( bar )
s . f . c .  ( kg/kw hr )
b . the rmal  e f f .  
f ue l  /  rev ( k*.  )
max cy l  p r e s s u r e  ( bar . )  
exhaust  t emp er a tu re ( de g  k ) 
mass f low (kg/ mi n)  
p e r c e n t a g e  heat  to  c o o l a n t
compressor  speed ( r . p . m . )  9 9 8 9 . 5
compressor  p r e s s u r e  r a t i o  9 . 2 19
mass f low (ky/ mi n)  9 8 . 9 39
compressor  power ( kw. ) 181. 77
compressor  t o r c u e  (n.m) 173.77
d e l i v e r y  t emperature  (deg k) 5 1 5 . 03
compressor  e f f i c i e n c y  0 . 675
t u r bi n e  speed ( r . p . m )  9 6508 . 0
t u r b i n e  p r e s s u r e  r a t i o  9 . 11 5
mass f low ( k g / s i n )  99 .69 6
t u r b i n e  power (kw) 199. 13
t u r b i n e  t orque  (n.m) 2 9 . 58
i n l e t  t emperat ure  (deg k) 6 83 . 20
t u r b i n e  n o z z l e  a n g l e  9 . 6 98
t u r b i n e  e f f i c i e n c y  0 . 779
output  s h a f t  spee d (rpm) 990 . 00
out put  s h a f t  power (kw) 186 . 55
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0 . 7 1 9
4 1 80 0 . 0
3 . 4 6 6
4 4 . 81 8
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8 0 7 4 . 5  
2 . 5 7 3  
3 9 . 8 7 9  
8 5 . 9 4  
1 01 .59  
4 2 3 . 1 7  
0 . 7 1 0
3 08 0 0 . 0
2 . 4 6 9
40 . 271
5 7 . 5 6
17 . 84
5 3 4 . 9 6
1 2 . 11 3
0. 76 1
4 4 0 . 00
8 3 . 91
1820 . 31
1 1 0 0 . 0 0  
1. 328  
3 5 . 8 82  
0 . 85 4  
2 97 . 4 9 9  
5 9 . 64  
5 1 9 . 7 6  
6 . 9 92 8  
0 . 20 4  
0 .4 0 88  
1. 844  
5 9 .7 4  
6 8 7 . 09  
7 . 27 7  
2 0 . 1 7
7 59 7 .0  
1. 464  
39 . 001  
4 1 .3 4  
5 1 . 9 5  
3 5 7 . 9 6  
0 . 5 36
12584. 0
1 . 360
3 9 . 1 8 8
7 . 8 2
5 . 9 3
4 24 . 14
3 8 . 6 90
0 . 7 0 7
4 40 . 00
2 2 . 5 2































1 0 065 . 5
4 . 1 03
4 9 . 4 69
176. 74  
167.61
5 0 6 . 7 5  
0 . 6 8 5
4 5 0 00 . 0
3 . 9 9 9
5 0 . 2 4 0
143 . 47
3 0 . 43
6 8 5 . 1 2
10 . 12 3
0 . 77 4
5 0 0 . 0 0
190 . 94































9 5 8 8 . 0
3 . 3 7 8
4 7 . 4 3 5
13 0 . 5 6
1 2 9 . 9 8
4 5 8 . 5 3
0 . 7 4 5
3 93 0 0 . 0
3 . 2 7 4
4 8 . 0 1 2
1 0 3 . 1 9
2 5 . 0 6
6 0 1 . 3 0
1 1 . 1 9 9
0 . 7 7 1
5 0 0 . 0 0
1 4 0 . 4 3
2 6 8 0 . 8 6






























8 1 5 5 . 5
2 . 5 0 6
4 0 . 3 4 6
8 3 . 11
9 7 . 2 7  
4 1 7 . 5 3
0 . 7 1 9
3 1 4 50 . 0
2 . 4 0 1
4 0 . 7 4 6
5 6 . 1 8
1 7 . 0 5
5 3 1 . 7 1
1 2 . 7 1 9
0 . 7 6 5
5 0 0 . 0 0
8 5 . 2 8  
1 6 2 8 . 0 7
1 1 0 0 . 0 0  
1 . 340  
3 6 . 0 6 9  
0 . 8 5 4  
2 9 7 . 6 0 7  
5 9 . 9 4  
5 2 2 . 2 5  
6 . 5 2 5 8  
0 . 2 04  
0 . 4 0 9 6  
1 . 849  
6 0 . 2 0
6 85 . 61  
7 . 3 3 7
2 0 . 0 8
7 2 0 0 . 5  
1 . 4 76  
3 6 . 7 7 5  
3 9 . 3 8  
5 2 . 2 0
358 .6 1  
0 . 5 4 2
1 28 50 . 0  
1 . 37 2  
3 6 . 96 4  
8 . 2 2  
6 . 1 1  
4 2 8 . 8 0  
3 4 . 2 3 0  
0 . 7 2 9  
5 0 0 . 0 0  
- 2 5 . 0 7  
4 7 8 . 5 2
output  s h a f t  s f c  ( k g / kw.hr) 0.241 0 . 2 42 0 . 2 6 9 0 . 54 0 0 . 24 0 0 . 2 4 3 0 . 2 6 7 0 . 4 8 7
output  thermal  e f f i c i e n c y 0.3461 0 . 344 5 0 . 30 9 8 0 .1 5 44 0 .3 4 80 0 . 3 4 3 9 0 . 3 1 2 2 0 . 1 7 1 3
e ng ine  f ue l  f low (kg/tain) 0 . 74 9 0 . 554 0 . 3 7 7 0 . 2 03 0 . 763 0 . 5 6 8 0 . 3 8 0 0 . 2 0 3
dynamic I n j e c t i o n ( degree  ca) 3 37 .5 340 .4 3 4 3 . 3 3 4 5 .9 3 37 .4 3 4 0 . 5 3 4 3 . 4 3 4 5 . 9
du r a t i o n  of  i n j e c t i o n 2 8 . 7 2 3 . 3 17 . 8 13 . 3 2 8 . 5 2 2 . 7 1 7 . 6 1 3 .3
t u r b i n e  gear  r a t i o 105.7 9 5 . 0 7 0 . 0 2 8 . 6 9 0 . 0 7 8 . 6 6 2 . 9 2 5 . 7
p r e s s u r e  l o s s  in p i p e  a (bar) 0 . 10345 0 . 10345 0 . 10 3 4 5 0 . 10 345 0 . 1 03 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  in p i p e  b (bar) 0 . 10 345 0 . 1034 5 0 . 10 3 45 0 . 10 3 45 0 . 10 3 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  in p i p e  c (bar) 0 . 10 345 0 . 10 345 0 . 10 34 5 0 . 1034 5 0.  10345 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  in i ■ i|  e d (bar) 0 . 10345 0 . 10 345 0 . 10 34 5 0 . 1 034 5 0 . 10 34 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
T a b l e - 4 . l a
tf  c u m - i N S  1.10 o c  c 9 1 26  20 24
c
•
~  number  o f  C y l i n J e r s 6 . 0 b o r e ( m . m . )  125 . 0 3  s t r o k e ( m. m . )  1 3 6 . 0 0 f t
c o n - r o a  l e n g t h  ( m . m . ) 2 1 7 . 7 3 i n l e t  v a l v e c l o s i n g  ( de gs  ) 193 . 0  c o m p r e s s o r  s c a l e  f a c t o r 1.1-0
w
a m b i e n t  t e m p e r a t u r e  ( deg k ) 2 9 a .  a a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 9 9  c o o l e r  e f f e c t i v e n e s s 0 . 8 3 0 1
m  c o m p r e s s i o n  r a t i o 1 6 . 3 0 e n g i n e  d i a g r a m  f a c t o r 0 . 9 3 9 2  t u r b i n e  f l o w l o s s  f a c t o r 0 . 8 0 0 0
- - - - -  c o m p r e s s o r  g e a r  r a t i o  9 . 5 5 0 0 o u t p u t  s h a f t  g e a r  r a t i o  1 . 0 9 5 0  - - - - -
f  e n g i n e  s p e e . J i r . p . n ) 1 5 0 0 . 0 0 1 3 5 0 . 0 0 1 2 5 0 . 0 0 1 1 0 0 . 0 0 1 7 0 0 . 0 0 1 6 0 0 . 0 0 1 9 6 0 . 0 0 1 4 0 0 . 0 0
b o o s t  p r e s s u r e  r a t i o 3 . 5 3 5 3 . 1 1 3 2 . 2 6 8 1 . 9 5 0 3 . 1 6 7 2 . 6 9 0 1 . 9 7 7 1 . 2 7 7
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 0 . a a i 3 9 . 5 6 9 3 5 . 7 7 6 3 9 . 9 2 0 2 9 . 9 9 3 3 2 . 8 9 6 3 3 . 3 3 5 4 0 . 8 3 4
(  d e l  1 v e r y  r a t  »o 0 . 3 5 2 0 . 8 5 3 0 . 8 5 3 0 . 8 5 9 0 . 8 5 2 0 . 8 5 2 0 . 8 5 3 0 . 8 5 3 f
m a n i f o l d  temp ( dug k) 3 2 5 . 9 3 0 3 1 5 . 8 3 5 3 0 5 . 5 8 6 2 9 8 . 7 3 3 3 2 6 . 0 6 5 3 1 6 . 9 7 2 3 0 6 . 7 8 8 2 9 5 . 0 3 1
e n g i n e  po we r  ( k w.  ) 2 a i  . a e 181 . 9 2 1 2 0 . 9 5 6 0 . 3 3 2 9 1 . 3 3 1 8 1 . 0 9 1 2 1 . 5 1 6 0 . 0 5
f  e n g i n e  t o r q u e  ( n . m .  ) ) 1 5 3 7 . 9 8 1 2 3 1 . 2 3 9 2 2 . 9 9 5 2 9 . 1 5 1 3 5 6 . 6 1 1 0 8 1 . 2 5 7 9 5 . 1 8 4 1 1 . 8 9 (
b . m . e . p  ( b a r  ) 1 9 . 2 7 9 7 1 6 . 0 9 9 9 1 1 . 5 8 7 7 6 . 5 6 8 9 1 7 . 0 0 1 0 1 3 . 5 5 5 0 9 . 9 6 7 6 S . 1 3 6 6
s . f . C .  ( k g / k w  h r  ) 0 . 1 9 6 0 . 1 8 9 0 . 1 9 0 0 . 2 0 0 0 . 2 0 2 0 . 2 0 3 0 . 2 0 6 0 . 2 2 0
(  b . t h e r m a l  e f f . 0 . 9 2 5 3 0 . 9 9 2 9 0 . 9 3 8 0 0 . 9 1 7 9 0 . 9 1 2 8 0 . 9 1 1 7 0 . 9 0 3 9 0 . 3 7 9 9 (
f u e l  /  r e v  ( k g .  ) 5 . 2 6 2 9 . 2 2 2 3 . 0 7 1 1 . 8 2 9 9 . 7 8 1 3 . 8 2 2 2 . 8 6 9 1 . 5 6 9
\
max c y l  p r e s s u r e  ( b a r  . ) 1 5 9 . 9 8 1 3 9 . 0 1 1 0 1 . 6 1 6 9 . 2 8 1 9 2 . 8 5 1 2 1 . 2 0 9 0 . 0 9 5 7 . 0 5
f  e x h a u s t  t e m p e r a t u r e C d e g  k ) 3 8 7 . 5 2 7 8 8 . 5 3 7 3 9 . 9 3 6 5 6 . 7 5 9 0 6 . 9 8 8 3 7 . 9 9 7 9 5 . 5 8 6 6 9 . 2 8 f
mass f l o w  ( k g / m i n ) 2 9 . 0 2 9 1 9 . 7 0 3 1 3 . 7 3 2 7 . 9 1 1 2 9 . 3 7 5 2 0 . 0 8 6 1 3 . 9 9 0 8 . 9 7 2
p e r c e n t a g e  h e a t  t o  c o o l a n t 1 0 . 3 6 1 1 . 5 0 1 9 . 0 0 1 9 . 2 0 1 0 . 2 7 1 1 . 3 7 1 3 . 9 2 1 7 . 6 3
(
c o m p r e s s o r  s pe e d  ( r . p . m . ) 7 3 8 5 . 6 5 9 5 3 . 1 9 9 9 3 . 1 3 5 6 5 . 6 5 6 6 0 . 6 9 7 0 5 . 6 3 3 6 8 . 6 2 7 9 5 . 6
(
c o m p r e s s o r  p r e s s u r e  r a t i o 3 . 8 0 9 3 . 3 9 2 2 . 9 9 9 1 . 5 8 9 3 . 9 5 9 2 . 9 3 2 2 . 1 6 7 1 . 9 2 9
( mass f l o w  ( k g / m i n ) 3 5 . 1 2 6 2 7 . 8 0 3 2 3 . 3 2 2 1 6 . 9 3 0 2 6 . 1 0 5 2 1 . 3 8 2 1 9 . 5 9 6 1 2 . 4 2 5 /
c o m p r e s s o r  po we r  ( kw.  ) 1 2 0 . 9 a 8 1 . 0 1 9 0 . 6 3 1 9 . 5 5 8 1 . 7 5 5 3 . 9 7 2 8 . 3 6 1 1 . 9 7
\
c o m p r e s s o r  t o r c u e  ( n . m ) 1 5 6 . 3 0 1 2 9 . 9 0 9 2 . 8 6 5 2 . 3 2 1 3 7 . 8 6 1 0 9 . 9 9 8 0 . 3 6 4 0 . 8 8
( d e l i v e r y  t e m p e r a t u r e  ( d e g  k ) 9 9 9 . 1 5 9 6 8 . 0 9 9 1 9 . 0 2 3 6 5 . 7 0 9 8 0 . 8 7 9 9 5 . 0 5 9 1 0 . 5 9 3 5 2 . 1 9 (
c o m p r e s s o r  e f f i c i e n c y 0 . 6 6 6 0 . 6 9 7 0 . 6 9 0 0 . 5 8 7 0 . 6 6 9 0 . 7 0 3 0 . 6 2 8 0 . 5 5 0
V
( t u r b i n e  s pe e o  ( r . p . m ) 9 2 0 0 0 . 0 9 3 9 7 0 . 0 3 2 5 5 0 . 0 1 7 1 1 5 . 0 9 8 9 8 0 . 0 9 3 2 0 0 . 0 3 5 6 8 0 . 0 1 1 2 0 0 . 0 {
t u r b i n e  p r e s s u r e  r a t i o 3 . 7 0 5 3 . 2 3 8 2 . 3 9 5 1 . 9 8 5 3 . 3 5 0 2 . 8 2 8 2 . 0 6 3 1 . 3 2 5
V
mass f l o w  ( k g / s i n ) 3 5 . 9 1 9 2 8 . 3 7 7 2 3 . 7 1 2 1 6 . 6 3 7 2 6 . 9 2 1 2 1 . 9 9 6 1 5 . 0 1 9 1 2 . 6 4 9
1 t u r b i n e  p o we r  ( k w ) 1 0 7 . 3 0 6 9 . 3 5 3 5 . 9 5 7 . 1 9 8 5 . 8 2 5 5 . 1 1 2 3 . 6 6 2 . 8 3 f
t u r b i n e  t o r q u e  ( n . m ) 2 9 . 3 9 1 5 . 2 3 1 0 . 5 9 9 . 0 1 1 6 . 9 0 1 2 . 1 8 6 . 3 3 2 . 4 1 V
i n l e t  t e m p e r a t u r e  ( J e g  k) 7 7 9 . 9 1 7 0 1 . 9 9 6 1 5 . 3 8 5 1 2 . 1 1 8 8 1 . 9 5 8 1 6 . 2 0 7 8 0 . 0 6 5 8 6 . 6 8
/  t u r b i n e  n o z z l e  a n g l e 8 . 3 5 5 7 . 2 3 2 3 . 1 3 1 1 1 . 6 7 3 7 . 9 5 5 7 . 0 2 0 6 . 9 9 5 1 4 . 5 1 6 #
t u r b i n e  e f f i c i e n c y 0 . 7 5 1 0 . 7 5 9 0 . 7 9 7 0 . 7 9 3 0 . 7 5 6 0 . 7 9 8 0 . 7 3 6 0 . 7 2 8
o u t p u t  s h a f t  s p e ed  ( r p m ) 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0
{  o u t p u t  s h a f t  po we r  ( k w ) 2 1 2 . 2 0 1 5 7 . 7 9 9 9 . 8 9 9 3 . 9 0 2 3 0 . 9 6 1 7 0 . 5 7 1 0 8 . 7 7 4 5 . 8 0 r
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 9 2 9 . 0 7 1 9 3 9 . 0 2 9 0 8 . 1 2 3 9 9 . 5 2 1 3 7 9 . 9 1 1 0 1 7 . 5 8 6 9 8 . 9 0 2 7 3 . 2 2 %
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 2 3 0 . 2 1 7 0 . 2 3 1 0 . 2 7 7 0 . 2 1 2 0 . 2 1 5 0 . 2 3 1 0 . 2 8 8
/ o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 7 3 7 0 . 3 8 9 7 0 . 3 6 1 8 0 . 3 0 0 6 0 . 3 9 9 2 0 . 3 8 7 7 0 . 3 6 1 6 0 . 2 8 9 8 t
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 7 8 9 0 . 5 7 0 0 . 3 8 9 0 . 2 0 1 0 . 8 1 3 0 . 6 1 2 0 . 4 1 8 0 . 2 2 0 V
d y n a m i c  i n j e c t i o n ( o e g r e e  c a ) 3 3 7 . 9 3 9 0 . 5 3 9 3 . 9 3 9 5 . 9 3 3 8 . 3 3 9 0 . 5 3 4 2 . 7 3 4 5 . 1
/  d u r a t i o n  o f  i n j e c t i o n 2 3 . 2 2 2 . 8 1 7 . 9 1 3 . 3 2 6 . 8 2 2 . 1 1 7 . 7 1 5 . 1 i
t u r b i n e  g e a r  r a t i o 9 0 . 0 9 1 . 9 3 1 . 0 1 6 . 3 3 0 . 3 2 7 . 0 2 2 . 3 7 . 0 \
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 4 5
< p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 .  1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 4 5 /
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 V
p r e s s u r e  l o s s  i n  p i p e  d ( b a r )
4
0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 .  1 03 9 5 0 . 1 0 3 9 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
\
c
T a b l e - 4 . l b
(
c
CUMMINS LIO 0 c r DE-SlGhJ POikjT 4 2  32  2 3  23
number  o f  c y l i n d e r *  6 . 0  b o r e  C m . m . )  1 2 5 . 0 3
c o n - r o d  l e n g t h  ( m . m . )  2 1 7 . 7 8  i n l e t  v a l v e  c l o s i n g  ( degs  ) 1 9 3 . 0
a m b i e n t  t e m p e r a t u r e  ( deg k ) 2 9 0 . 4  a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 9 9
c o m p r e s s i o n  r a t i o  1 6 . 3 0  e n g i n e  d i a g r a m  f a c t o r  0 . 9 0 0 0  1
- - - - -  c o m p r e s s o r  g e a r  r a t i o  9 . 5 5 0 0  o u t p u t  s h a f t  g e a r
e n g i n e  s p e e d ( r . p . m ) 1 9 0 9 . 0 0 1 7 7 5 . 0 0 1 6 7 0 . 0 0 1 5 7 0 . 0 0 2 1 0 0 . 0 0 2 0 0 0 . 0 0 1 9 0 0 . 0 0 1 8 0 0 . 0 0
b o o s t  p r e s s u r e  r a t i o 2 . 9 3 2 2 . 3 1 6 1 . 7 9 5 1 . 2 2 5 2 . 6 3 8 2 . 0 7 3 1 . 5 4 8 1 . 2 1 1
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 1 . 0 7 a 3 0 . 9 7 8 3 1 . 8 0 9 9 1 . 5 1 6 3 0 . 5 7 5 3 0 . 1 9 6 3 1 . 6 1 9 3 8 . 3 6 3
d e l i v e r y  r a t i o 0 . C 5 1 0 . 8 5 2 0 . 8 5 2 0 . 8 5 3 0 . 8 5 1 0 . 8 5 1 0 . 8 5 2 0 . 8 5 2
m a n i f o l d  temp ( deg  k) 3 2 2 . 5 7 8 3 1 5 . 9 1 8 3 0 6 . 6 1 8 2 9 5 . 9 6 3 3 1 9 . 0 9 0 3 1 2 . 3 7 9 3 0 4 . 4 6 2 2 9 7 . 2 1 6
e n g i n e  po we r  ( k w.  ) 29 0 . 0 1 1 8 0 . 8 8 1 2 2 . 0 2 5 9 . 6 3 2 9 0 . 0 0 1 8 0 . 8 6 1 2 0 . 4 9 7 1 . 4 7
e n g i n e  t o r q u e  (  n . m .  ) ) 1 2 0 7 . 3 9 9 7 9 . 9 1 u 9 3 . 9 1 3 6 6 . 3 9 1 0 9 2 . 7 7 8 6 5 . 2 7 6 0 7 . 1 3 3 7 9 . 9 0
b . m . e . p  (  b a r  ) 1 5 . 1 2 8 2 1 2 . 2 0 9 1 3 . 7 5 0 0 9 . 5 9 8 9 1 3 . 6 8 6 8 1 0 . 8 3 0 0 7 . 5 9 5 0 4 . 7 5 4 9
s . f . C .  ( k g / k w  h r  ) 0 . 2 0 5 0 . 2 0 9 0 . 2 1 7 0 . 2 3 9 0 . 2 1 0 0 . 2 1 5 0 . 2 2 5 0 . 2 3 7
b . t h e r m a l  e f f . 0 . 9 0 6 9 0 . 3 9 8 3 0 . 3 8 9 9 0 . 3 5 6 9 0 . 3 9 8 0 0 . 3 8 7 3 0 . 3 7 1 5 0 . 3 5 1 8
f u e l  /  r e v  ( k g .  ) 9 . 3 1 5 3 . 5 5 7 2 . 6 9 2 1 . 9 7 9 3 . 9 9 2 3 . 2 9 6 2 . 3 7 3 1 . 5 6 9
max c y l  p r e s s u r e  ( b a r  . ) 1 3 1 . 1 9 1 0 5 . 3 1 7 9 . 8 5 5 9 . 7 1 1 1 7 . 5 6 9 3 . 5 7 7 0 . 4 6 5 4 . 2 1
e x h a u s t  t e m p e r a t u r e f d e g  k ) 3 9 2 . 5 3 8 8 1 . 1 1 8 3 1 . 6 3 6 7 9 . 3 9 9 0 9 . 2 5 8 9 2 . 9 7 8 4 1 . 1 6 7 2 5 . 9 1
mass f l o w  ( k g / m i n ) 2 5 . 9 7 8 1 9 . 2 9 2 1 9 . 0 3 7 9 . 6 9 2 2 5 . 6 2 8 1 9 . 5 7 1 1 4 . 2 5 7 1 0 . 8 3 2
p e r c e n t a g e  h e a t  t o  c o o l a n t 9 . 9 5 11 . 6 9 1 3 . 8 6 1 6 . 9 0 9 . 8 6 1 1 . 9 6 1 3 . 6 8 1 5 . 8 5
c o m p r e s s o r  s p e e J  ( r . p . m . ) 5 5 8 7 . 9 9 3 9 9 . 2 3 3 9 1 . 9 2 9 3 6 . 9 5 5 1 5 . 2 9 5 6 0 . 2 3 6 0 5 . 2 2 6 5 0 . 2
c o m p r e s s o r  p r e s s u r e  r a t i o 3 . 2 9 0 2 . 5 5 9 1 . 9 9 1 1 . 3 8 5 2 . 9 6 5 2 . 3 3 1 1 . 7 5 2 1 . 3 8 4
mass f l o w  ( k g / m i n ) 2 5 . 9 9 5 1 9 . 9 1 7 1 9 . 8 1 0 1 0 . 9 9 8 2 5 . 7 5 6 2 1 . 0 3 0 1 6 . 3 6 0 1 1 . 6 8 7
c o m p r e s s o r  po we r  ( k w.  ) 7 1 . 6 9 9 5 . 2 2 2 9 . 9 9 9 . 2 9 6 3 . 9 9 9 1 . 7 8 2 2 . 9 8 1 0 . 4 4
c o m p r e s s o r  t o r c u e  ( n . m ) 1 2 2 . 3 8 9 8 . 2 3 7 0 . 3 3 3 6 . 2 0 1 1 0 . 6 6 8 7 . 9 5 6 0 . 8 5 3 7 . 5 9
d e l i v e r y  t e m p e r a t u r e  ( d e g  k) 9 5 9 . 0 6 9 3 0 . 0 2 3 9 5 . 3 7 3 9 7 . 2 1 9 9 2 . 5 8 9 1 3 . 1 8 3 7 8 . 5 5 3 4 7 . 9 8
c o m p r e s s o r  e f f i c i e n c y 9 . 7 1 3 0 . 6 6 9 0 . 6 1 0 0 . 5 9 6 0 . 7 2 9 0 . 6 7 9 0 . 6 1 0 0 . 5 3 7
t u r b i n e  s p e e d  ( r . p . m ) 9 7 3 1 0 . 0 9 1 6 1 0 . 0 3 0 9 7 0 . 0 1 0 8 3 0 . 0 9 9 5 0 0 . 0 9 0 7 0 0 . 0 3 0 8 0 0 . 0 1 1 2 2 0 . 0
t u r b i n e  p r e s s u r e  r a t i o 3 . 1 3 6 2 . 9 5 5 1 . 8 3 7 1 . 2 3 0 2 . 8 6 1 2 . 2 2 6 1 . 6 4 8 1 . 2 8 0
mass f l o w  ( k g / s i n ) 2 6 . 7 6 8 2 0 . 5 5 9 1 5 . 2 5 6 1 0 . 7 3 2 2 6 . 6 0 9 2 1 . 6 9 2 1 6 . 8 2 1 1 1 . 9 4 7
t u r b i n e  po we r  ( k w ) 8 1 . 1 3 9 6 . 9 7 2 0 . 2 1 1 . 7 5 7 9 . 9 6 9 3 . 3 9 1 6 . 0 8 2 . 0 8
t u r b i n e  t o r q u e  ( n . m ) 1 6 . 3 7 1 0 . 7 7 6 . 2 3 1 . 5 9 1 9 . 9 6 1 0 . 1 6 4 . 9 8 1 . 7 7
i n l e t  t e m p e r a t u r e  ( d e g  k ) 8 8 5 . 6 9 8 6 7 . 6 2 8 1 1 . 3 9 6 5 9 . 9 9 9 0 2 . 2 9 8 6 3 . 1 2 7 8 7 . 9 8 7 0 0 . 7 6
t u r b i n e  n o z z l e  a n g l e 7 . 9 7 6 7 . 9 9 0 3 . 5 9 6 1 7 . 7 3 7 8 . 8 8 6 9 . 6 3 9 1 2 . 3 1 2 2 0 . 7 4 0
t u r b i n e  e f f i c i e n c y 0 . 7 5 6 0 . 7 9 8 0 . 7 9 1 0 . 7 5 2 0 . 7 5 0 0 . 7 9 8 0 . 7 2 5 0 . 7 5 5
o u t p u t  s h a f t  s p e ed  ( r p m ) 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0
o u t p u t  s h a f t  po we r  ( k w ) 2 3 9 . 1 8 1 7 0 . 9 3 1 0 8 . 8 2 9 6 . 7 9 2 3 5 . 5 7 1 7 0 . 5 7 1 0 4 . 8 5 5 6 . 2 9
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 1 7 6 . 9 8 8 5 8 . 7 2 5 9 6 . 7 1 2 3 9 . 8 3 1 0 2 2 . 1 0 7 9 0 . 0 6 4 5 4 . 9 1 2 4 4 . 2 1
o u t p u t  s h a f t  8 f c  ( k g / k w . h r ) 0 . 2 1 0 0 . 2 2 2 0 . 2 9 3 0 . 2 9 8 0 . 2 1 3 0 . 2 2 8 0 . 2 5 8 0 . 3 0 1
o u t p u t  t h e r m a l  e f f i c i e n c y  . 0 . 3 9 7 0 0 . 3 7 6 9 0 . 3 9 2 8 0 . 2 7 9 8 0 . 3 9 0 7 0 . 3 6 5 2 0 . 3 2 3 2 0 . 2 7 7 1
e n g i n e  f u e l  f l e w  ( k g / m i n ) 0 . 8 2 0 0 . 6 3 1 0 . 9 9 1 0 . 2 3 2 0 . 8 3 8 0 . 6 4 9 0 . 4 5 1 0 . 2 8 2
d y n a mi c  i n j e c t i o n ( d e g r e e  c a ) 3 3 9 . 7 3 9 1 . 2 3 9 2 . 8 3 9 9 . 7 3 9 1 . 0 3 9 2 . 3 3 4 3 . 6 3 4 4 . 7
d u r a t i o n  o f  i n j e c t i o n 2 5 . 3 2 1 . 5 1 7 . 7 1 3 . 7 2 9 . 6 2 1 . 2 1 7 . 6 1 4 . 7
t u r b i n e  g e a r  r a t i o 2 9 . 9 2 1 . 9 1 6 . 3 5 . 7 2 2 . 5 1 8 . 5 1 4 . 0 5 . 1
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 4 5 0 . 1 0 3 9 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i |  e b ( b a r ) 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 9 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
s t r o k e  ( m . m . )  1 3 6 . 0 0
c o m p r e s s o r  s c a l e  f a c t o r  1 . 1 0
c o o l e r  e f f e c t i v e n e s s  0 . 7 8 5 3
t u r b i n e  f l o w  l o s s  f a c t o r  0 . 8 0 0 0
r a t i o  1 . 9 9 5 0  -----------
T a b l e - 4 . l c
T a b l e - 4 .2  New b a s e l i n e :  new map, o p t .  s p e e d ,  s ta n d a rd  c o n d i t i o n s
CUMMINS L10 D C C
STAt
number  o f  c y l i n d e r #  6 . 0
c o n - r o d  l e n g t h  ( m . m . )  2 1 7 . 7 8
a m b i e n t  t e m p e r a t u r e  (  deg k ) 2 9 4 . 4
c o m p r e s s i o n  r a t i o  1 6 . 3 0
  c o m p r e s s o r  g e a r  r a t i o
b o r e  ( m . m . )  1 2 5 . 0 3
i n l e t  v a l v e  c l o s i n g  ( d e g s  ) 1 9 3 . 0
a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 9 9
e n g i n e  d i a g r a m  f a c t o r  0 . 9 < | 87
' 9 . 5 5 0 0
38 19 39 24
s t r o k e  ( m . m . )  1 3 6 . 0 0
c o m p r e s s o r  s c a l e  f a c t o r  1 . 1 8
c o o l e r  e f f e c t i v e n e s s  0 . 9 2 8 7
t u r b i n e  f l o w  l o s s  f a c t o r  0 . 8 0 0 0
o u t p u t  s h a f t  g e a r  r a t i o 1 . 9 4 5 0
e n g i n e  s p e e d ( r . p . m ) 1 3 9 0 . 0 0 1 1 9 0 . 0 0 1 0 2 0 . 0 0 7 3 0 . 0 0 1 3 4 0 . 0 0 1 1 5 0 . 0 0 8 5 0 . 0 0 7 4 0 . 0 0
b o o s t  p r e s s u r e  r a t i o 9 . 2 0 3 3 . 5 5 3 2 . 8 0 7 2 . 1 9 5 4 . 1 9 7 3 . 6 9 3 3 . 4 1 8 2 . 1 9 9
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 3 . 4 8 0 3 5 . 6 5 2 3 7 . 0 5 1 4 2 . 0 9 3 3 3 . 2 2 7 3 5 . 5 3 0 3 8 . 0 3 5 4 2 . 7 7 3
d e l i  v e r y  r a t  i o 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4
m a n i f o l d  temp ( deg  k) 3 2 0 . 5 4 2 3 1 0 . 9 7 6 3 0 1 . 0 1 0 2 9 1 . 6 6 5 3 2 0 . 8 6 0 3 1 1 . 7 1 5 3 0 2 . 6 1 7 2 9 1 . 8 5 4
e n g i n e  p o we r  ( k w.  ) 2 3 9 . 9 2 1 8 0 . 3 9 1 2 0 . 0 9 5 9 . 8 5 2 4 0 . 3 6 1 8 0 . 0 7 1 2 0 . 4 4 5 9 . 8 8
e n g i n e  t o r q u e  ( n . m .  ) ) 1 7 1 2 . 5 6 1 4 4 6 . 3 2 1 1 2 4 . 9 2 7 8 5 . 9 0 1 7 1 2 . 5 6 1 4 9 6 . 6 3 1 3 4 9 . 9 0 7 7 5 . 2 8
b . m . e . p  ( b a r  ) 2 1 . 4 4 2 6 1 8 . 1 5 4 0 1 4 . 1 0 0 0 9 . 8 1 8 2 2 1 . 4 8 1 8 1 8 . 7 5 2 3 1 6 . 9 6 9 1 9 . 6 9 0 2
s . f . c .  ( k g / k w  h r  ) 0 . 1 9 5 0 . 1 8 8 0 . 1 9 0 0 . 1 9 4 0 . 1 9 5 0 . 1 8 9 0 . 1 8 6 0 . 1 9 4
b . t h e r m a l  e f f . 0 . 4 2 8 6 0 . 4 4 4 3 0 . 4 3 8 2 0 . 4 2 9 7 0 . 4 2 7 2 0 . 4 4 1 2 0 . 4 4 8 2 0 . 4 3 0 5
f u e l  /  r e v  (  k g .  ) 5 . 8 0 7 4 . 7 4 3 3 . 7 3 5 2 . 6 5 2 5 . 8 3 7 4 . 9 3 4 4 . 3 9 5 2 . 6 1 2
max c y l  p r e s s u r e  (  b a r  . ) 1 6 0 . 9 iu 1 5 7 . 8 8 1 2 5 . 4 6 9 6 . 6 0 1 5 9 . 4 7 1 5 5 . 7 4 1 5 0 . 9 3 9 6 . 5 4
e x h a u s t  t e m p e r a t u r e f d e g  k ) 8 * 6 7 0 9 7 7 7 . 7 5 7 3 4 . 6 3 6 4 4 . 7 3 8 5 1 . 3 4 7 8 4 . 2 7 7 2 1 . 5 8 6 4 0 . 0 0
mass f l o w  ( k g / m i n ) 2 6 . 0 5 1 2 0 . 1 2 2 1 4 . 1 1 6 8 . 1 5 0 2 5 . 9 8 7 2 0 . 1 5 9 1 4 . 2 0 9 8 . 2 6 9
p e r c e n t a g e  h e a t  t o  c o o l a n t 9 . 8 0 1 1 . 2 5 1 3 . 6 4 1 8 . 5 1 9 . 8 2 1 1 . 2 5 1 3 . 6 3 1 8 . 3 5
c o m p r e s s o r  s p e e d  ( r . p . m . ) 9 8 8 9 . 0 8 4 5 6 . 5 6 8 3 3 . 0 4 0 6 3 . 5 9 4 9 2 . 5 7 6 7 8 . 0 4 8 1 3 . 0 3 7 6 2 . 5
c o m p r e s s o r  p r e s s u r e  r a t i o 4 . 4 0 7 3 . 7 3 9 2 . 9 7 4 2 . 3 3 4 4 . 4 0 1 3 . 8 7 5 3 . 5 7 2 2 . 3 3 9
mass f l o w  ( k g / m i n ) 4 9 . 5 1 4 4 1 . 6 3 6 3 3 . 5 0 6 1 8 . 6 9 3 4 7 . 1 4 0 3 6 . 8 2 1 2 1 . 1 7 2 1 6 . 9 9 1
c o m p r e s s o r  p o w e r  ( k w.  ) 1 8 0 . 6 2 1 3 0 . 2 7 8 1 . 7 7 3 3 . 7 2 1 7 3 . 3 7 1 2 2 . 4 2 6 8 . 9 2 3 0 . 7 8
c o m p r e s s o r  t o r q u e  ( n . m ) 1 7 4 . 3 4 1 4 7 . 0 4 1 1 4 . 2 3 7 9 . 2 0 1 7 4 . 3 4 1 5 2 . 2 0 1 3 6 . 6 9 7 8 . 0 9
d e l i v e r y  t e m p e r a t u r e  ( d e g  k) 5 1 1 . 1 4 4 8 0 . 7 0 4 4 0 . 0 9 4 0 2 . 3 1 5 1 2 . 9 0 4 9 2 . 2 2 4 8 8 . 1 5 4 0 2 . 7 7
c o m p r e s s o r  e f f i c i e n c y 0 . 7 1 3 0 . 7 2 1 0 . 7 3 8 0 . 7 5 0 0 . 7 0 6 0 . 7 0 1 0 . 6 6 4 0 . 7 4 8
t u r b i n e  s p e e d  ( r . p . m ) 4 7 2 9 3 . 3 4 1 5 8 3 . 3 3 5 7 3 3 . 1 2 9 0 1 1 . 2 4 6 2 2 1 . 5 4 2 9 5 5 . 6 4 1 1 0 9 . 4 2 9 5 5 4 . 9
t u r b i n e  p r e s s u r e  r a t i o 4 . 3 0 3 3 . 6 3 5 2 . 8 6 9 2 . 2 3 0 4 . 2 9 7 3 . 7 7 1 3 . 4 6 8 2 . 2 3 4
mass f l o w  ( k g / m i n ) 5 0 . 3 0 0 4 2 . 2 0 6 3 3 . 8 9 4 1 8 . 8 9 0 4 7 . 9 2 9 3 7 . 3 9 2 2 1 . 5 4 6 1 7 . 1 8 8
t u r b i n e  p o we r  ( k w ) 1 5 3 . 1 7 1 0 2 . 8 8 6 0 . 5 1 2 1 . 9 3 1 4 8 . 0 4 9 7 . 2 5 5 0 . 5 5 2 0 . 3 4
t u r b i n e  t o r q u e  ( n . m ) 3 0 . 9 2 2 3 . 6 1 1 6 . 1 6 7 . 2 2 3 0 . 5 7 2 1 . 6 1 1 1 . 7 4 6 . 5 7
i n l e t  t e m p e r a t u r e  ( d e g  k ) 6 9 6 . 4 7 6 3 1 . 6 4 5 7 1 . 0 2 5 1 2 . 6 9 7 0 8 . 6 6 6 5 9 . 2 8 6 4 9 . 2 8 5 2 2 . 7 9
t u r b i n e  n o z z l e  a n g l e 9 . 4 5 7 9 . 0 1 3 8 . 8 5 3 6 . 2 9 3 9 . 1 0 3 7 . 8 4 4 4 . 8 9 5 5 . 7 7 2
t u r b i n e  e f f i c i e n c y 0 . 7 7 5 0 . 7 6 7 0 . 7 5 8 0 . 7 3 7 0 . 7 7 3 0 . 7 6 3 0 . 7 4 3 0 . 7 3 4
o u t p u t  s h a f t  s p e e d  ( r p m ) 4 4 0 . 0 0 4 4 0 . 0 0 4 4 0 . 0 0 4 4 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( k w ) 1 9 5 . 1 4 1 3 9 . 9 9 9 0 . 4 9 4 3 . 9 8 1 9 7 . 5 2 1 4 2 . 5 7 9 3 . 8 7 4 5 . 3 3
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 4 2 3 3 . 2 9 3 0 3 6 . 8 7 1 9 6 3 . 1 8 9 5 4 . 1 9 3 7 7 0 . 8 7 2 7 2 1 . 7 4 1 7 9 2 . 0 8 8 6 5 . 4 0
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 3 9 0 . 2 4 2 0 . 2 5 3 0 . 2 6 4 0 . 2 3 8 0 . 2 3 9 0 . 2 3 9 0 . 2 5 6
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 4 8 6 0 . 3 4 4 8 0 . 3 3 0 2 0 . 3 1 5 8 0 . 3 5 1 1 0 . 3 4 9 3 0 . 3 4 9 3 0 . 3 2 6 0
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 7 7 8 0 . 5 6 4 0 . 3 8 1 0 . 1 9 4 0 . 7 8 2 0 . 5 6 7 0 . 3 7 4 0 . 1 9 3
d y n a m i c  i n j e c t i o n ( d e g r e e  c a ) 3 7 2 . 0 3 3 9 . 9 3 4 2 . 8 3 4 5 . 8 3 6 9 . 4 3 4 4 . 7 3 4 1 . 8 3 4 5 . 9
d u r a t i o n  o f  i n j e c t i o n 2 9 . 8 2 4 . 5 1 9 . 3 1 4 . 7 2 9 . 9 2 5 . 2 2 1 . 9 1 4 . 6
t u r b i n e  g e a r  r a t i o 1 0 7 . 5 9 4 . 5 8 1 . 2 6 5 . 9 9 2 . 4 8 5 . 9 8 2 . 2 5 9 . 1
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5
T a b l e - 4 . 2a
CUMMINS L10 D C C 39 2 2  2 0  29
number  o f  c y l i n d e r s  6 . 0
c o n - r o d  l e n g t h  ( m . m . )  2 1 7 . 7 5
a m b i e n t  t e m p e r a t u r e  ( d e g  k ) 2 9 4 . 4
c o m p r e s s i o n  r a t i o  1 6 . 3 0
  c o m p r e s s o r  g e a r  r a t i o
b o r e  ( « . * . )
i n l e t  v a l v e  c l o s i n g  ( de gs  ) 
a m b i e n t  p r e s s u r e  ( b a r  ) 
e n g i n e  d i a g r a m  f a c t o r  
9 . 5 5 0 0
1 2 5 . 0 3  s t r o k e  ( m . m . )  1 3 6 . 0 0 .
1 9 3 . 0  c o m p r e s s o r  s c a l e  f a c t o r  1 * 1 8
0 . 9 9  c o o l e r  e f f e c t i v e n e s s  0 . 8 5 9 5
0 . 9 2 7 4  t u r b i n e  f l o w  l o s s  f a c t o r  0 . 8 0 0 0
o u t p u t  s h a f t  g e a r  r a t i o  1 . 4 4 5 0  - - - - -
e n g i n e  s p e e d ( r . p . m ) 1 4 3 0 . 0 0 1 2 1 0 . 0 0 1 0 9 0 . 0 0 9 6 5 . 0 0 1 7 0 5 . 0 0 1 5 9 0 . 0 0 1 4 8 0 . 0 0 1 3 5 5 . 0 0
b o o s t  p r e s s u r e  r a t i o 4 . 0 2 7 3 . 4 9 6 2 . 7 3 7 1 . 8 2 9 3 . 2 9 8 2 . 7 5 3 2 . 1 5 2 1 . 3 7 3
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 3 . 4 9 2 3 5 . 0 3 1 3 7 . 9 9 4 4 4 . 6 6 3 3 2 . 7 5 8 3 4 . 6 7 3 3 8 . 2 5 2 4 3 . 0 7 2
d e l i  v e r y  r a t  i o 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 3 0 . 8 5 3 0 . 8 5 3 0 . 8 5 2 0 . 8 5 2
m a n i f o l d  temp ( deg k ) 3 2 4 . 4 1 8 3 1 5 . 0 1 6 3 0 4 . 1 4 1 2 9 3 . 7 9 1 3 2 3 . 5 1 7 3 1 3 . 4 8 8 3 0 3 . 4 3 0 2 9 3 . 8 7 4
e n g i n e  p o we r  ( k w.  ) 2 4 0 . 0 1 1 8 0 . 0 7 1 2 0 . 1 1 5 9 . 8 9 2 3 9 . 7 5 1 7 9 . 8 4 1 1 9 . 8 8 5 9 . 6 9
e n g i n e  t o r q u e  ( n . m .  ) ) 1 6 0 4 . 7 7 1 4 2 2 . 4 1 1 0 5 2 . 6 7 5 9 4 . 5 1 1 3 4 5 . 9 4 1 0 8 2 . 4 7 7 7 5 . 2 8 4 2 3 . 4 0
b . m . e . p  ( b a r  ) 2 0 . 1 0 0 7 1 7 . 8 2 2 5 1 3 . 1 9 6 9 7 . 4 3 2 7 1 6 . 8 4 0 2 1 3 . 5 4 5 9 9 . 7 0 0 6 5 . 2 7 6 0
s . f . c .  ( k g / k w  h r  ) 0 . 1 9 6 0 . 1 8 9 0 . 1 9 1 0 . 1 9 9 0 . 1 9 7 0 . 1 9 9 0 . 2 0 3 0 . 2 1 8
b . t h e r m a l  e f f . 0 . 4 2 5 8 0 . 4 4 1 4 0 . 4 3 6 3 0 . 4 1 8 9 0 . 4 2 3 7 0 . 4 1 9 2 0 . 4 1 0 3 0 . 3 8 2 3
f u e l  /  r e v  ( k g .  ) 5 . 4 7 9 4 . 6 8 7 3 . 5 1 1 2 . 0 6 0 4 . 6 1 3 3 . 7 5 1 2 . 7 4 5 1 . 6 0 2
max c y l  p r e s s u r e  ( b a r  . ) 1 5 7 . 7 9 1 5 5 . 1 2 1 2 1 . 5 3 7 9 . 7 4 1 4 7 . 5 4 1 2 3 . 6 8 9 6 . 3 5 6 0 . 8 1
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 8 4 8 . 7 2 7 8 9 . 3 4 7 2 8 . 7 2 6 3 3 . 7 9 8 5 2 . 6 5 8 0 4 . 8 0 7 3 7 . 3 8 6 5 7 . 2 9
mass f l o w  ( k g / m i n ) 2 6 . 2 4 1 1 9 . 8 6 7 1 4 . 5 4 0 8 . 8 7 7 2 5 . 7 6 5 2 0 . 6 8 0 1 5 . 5 3 8 9 . 3 4 8
p e r c e n t a g e  h e a t  t o  c o o l a n t 9 . 8 2 1 1 . 4 2 1 3 . 4 8 1 7 . 6 4 9 . 9 1 1 1 . 1 2 1 2 . 9 4 1 7 . 1 3
c o m p r e s s o r  s p e e d  ( r . p . m . ) 6 7 1 7 . 1 4 6 1 6 . 1 3 4 7 0 . 1 2 2 7 6 . 3 5 7 0 8 . 4 4 6 1 0 . 1 3 5 5 9 . 6 2 3 6 5 . 9
c o m p r e s s o r  p r e s s u r e  r a t i o 4 . 2 4 1 3 . 6 8 5 2 . 9 1 0 1 . 9 8 6 3 . 5 3 8 2 . 9 7 6 2 . 3 5 8 1 . 5 5 9
mass f l o w  ( k g / m i n ) 3 0 . 4 2 0 1 9 . 9 8 3 1 4 . 6 4 3 8 . 9 0 1 2 6 . 0 1 9 2 0 . 8 7 8 1 5 . 8 3 1 9 . 6 7 4
c o m p r e s s o r  p o w e r  ( kw.  ) 1 1 4 . 9 2 6 9 . 9 3 3 8 . 7 4 1 4 . 2 2 81 . 6 8 5 3 . 0 0 2 9 . 1 2 1 0 . 3 2
c o m p r e s s o r  t o r q u e  ( n . m ) 1 6 3 . 3 0 1 4 4 . 6 0 1 0 6 . 5 5 5 9 . 6 4 1 3 6 . 5 7 1 0 9 . 7 4 7 8 . 0 8 41 . 6 4
d e l i v e r y  t e m p e r a t u r e  ( d e g  k ) 5 1 8 . 7 4 5 0 2 . 4 6 4 5 2 . 2 0 3 9 0 . 0 6 4 8 1 . 3 1 4 4 5 . 8 9 4 0 4 . 4 2 3 5 8 . 3 8
c o m p r e s s o r  e f f i c i e n c y 0 . 6 6 6 0 . 6 3 6 0 . 6 6 5 0 . 6 6 9 0 . 6 8 3 0 . 7 1 0 0 . 7 4 5 0 . 6 2 6
t u r b i n e  s p e e d  ( r . p . m ) 4 9 0 5 6 . 1 4 5 7 6 5 . 4 3 8 2 0 6 . 0 2 6 8 8 0 . 9 4 8 3 6 1 . 3 4 3 4 6 0 . 6 3 5 8 0 5 . 3 1 9 0 3 2 . 0
t u r b i n e  p r e s s u r e  r a t i o 4 . 1 3 7 3 . 5 8 1 2 . 8 0 6 1 . 8 8 2 3 . 4 3 4 2 . 8 7 1 2 . 2 5 3 1 . 4 5 5
mass f l o w  ( k g / m i n ) 3 1 . 2 0 6 2 0 . 5 5 1 1 5 . 0 2 7 9 . 1 0 1 2 6 . 8 0 8 2 1 . 4 7 8 1 6 . 2 4 0 9 . 8 9 3
t u r b i n e  p o w e r  ( k w) 1 0 5 . 9 8 6 0 . 3 9 3 2 . 5 2 9 . 5 9 8 3 . 7 4 5 3 . 5 4 2 7 . 5 0 4 . 8 3
t u r b i n e  t o r q u e  ( n . m ) 2 0 . 6 2 1 2 . 6 0 8 . 1 2 3 . 4 1 1 6 . 5 3 1 1 . 7 6 7 . 3 3 2 . A2
i n l e t  t e m p e r a t u r e  ( d e g  k ) 3 0 7 . 5 1 7 8 7 . 8 4 7 2 6 . 9 5 6 3 3 . 1 9 8 4 9 . 4 2 8 0 1 . 7 3 7 3 1 . 7 9 6 4 8 . 0 3
t u r b i n e  n o z z l e  a n g l e 6 . 5 9 3 4 . 9 9 1 4 . 5 4 5 4 . 2 8 0 7 . 0 8 8 6 . 6 7 7 6 . 4 2 7 8 . 4 0 4
t u r b i n e  e f f i c i e n c y 0 . 7 5 9 0 . 7 4 4 0 . 7 3 3 0 . 7 2 0 0 . 7 5 5 0 . 7 4 7 0 . 7 3 7 0 . 7 3 2
o u t p u t  s h a f t  s p e e d  ( r p m ) 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( kw) 2 1 5 . 9 9 1 5 9 . 9 4 1 0 6 . 4 0 5 0 . 8 8 2 2 7 . 3 1 1 6 9 . 2 5 1 1 0 . 0 8 4 8 . 9 7
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 9 6 3 . 5 1 1 4 5 3 . 9 6 9 6 7 . 3 0 4 6 2 . 5 7 1 3 5 6 . 0 9 1 0 0 9 . 6 9 6 5 6 . 7 4 2 9 2 . 1 5
o u t p u t  s h a f t  a f c  ( k g / k w . h r ) 0 . 2 1 8 0 . 2 1 3 0 . 2 1 6 0 . 2 3 4 0 . 2 0 8 0 . 2 1 1 0 . 2 2 1 0 . 2 6 6
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 8 3 2 0 . 3 9 2 0 0 . 3 8 6 5 0 . 3 5 5 9 0 . 4 0 1 8 0 . 3 9 4 5 0 . 3 7 6 7 0 . 3 1 3 7
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 7 8 4 0 . 5 6 7 0 . 3 8 3 0 . 1 9 9 0 . 7 8 7 0 . 5 9 6 0 . 4 0 6 0 . 2 1 7
d y n a m i c  i n j e c t i o n ( d e g r e e  c a ) 3 5 2 . 2 3 4 0 . 0 3 4 3 . 0 3 4 6 . 0 3 3 8 . 7 3 4 0 . 7 3 4 2 . 8 3 4 5 . 3
d u r a t i o n  o f  i n j e c t i o n 2 8 . 8 2 4 . 3 1 8 . 6 1 3 . 8 2 6 . 1 2 1 . 7 1 7 . 4 1 3 . 0
t u r b i n e  g e a r  r a t i o 4 6 . 7 4 3 . 6 3 6 . 4 2 5 . 6 3 0 . 2 2 7 . 2 2 2 . 4 1 1 . 9
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5
T a b le - 4 .2 b
CUMMINS L10 D C E
number  o f  c y l i n d e r *  6 . 0
c o n - r o d  l e n g t h  ( m . m . )  2 1 7 . 7 8
a u b i e n t  t e m p e r a t u r e  ( deg k ) 2 9 4 . 4
c o m p r e s s i o n  r a t i o  1 6 . 3 0
- - - - -  c o m p r e s s o r  g e a r  r a t i o
b o r e  ( m . m . )
i n l e t  v a l v e  c l o s i n g  ( d e g s  ) 
a m b i e n t  p r e s s u r e  ( b a r  ) 
e n g i n e  d i a g r a m  f a c t o r  
9 . 5 5 0 0
1 2 5 . 0 3
1 9 3 . 0
0 . 9 9
0 . 9 1 0 2
38 32 20 24
s t  r o k e  ( m . m . )
c o m p r e s s o r  s c a l e  f a c t o r  
c o o l e r  e f f e c t i v e n e s s  
t u r b i n e  f l o w  l o s s  f a c t o r
o u t p u t  s h a f t  g e a r  r a t i o 1 . 4 4 5 0  -----------
1 3 6 . 0 0
1 . 1 8
0 . 8 1 4 3
0 . 8 0 0 0
e n g i n e  s p e e d ( r . p . m ) 1 8 9 5 . 0 0 1 7 9 5 . 0 0 1 6 8 0 . 0 0 1 5 6 5 . 0 0 2 1 0 0 . 0 0 2 0 0 0 . 0 0 1 8 6 0 . 0 0 1 7 9 3 . 0 0
b o o s t  p r e s s u r e  r a t i o 2 . 9 4 0 2 . 4 7 6 1 . 8 8 9 1 . 2 5 0 2 . 6 7 7 2 . 2 2 0 1 . 6 7 0 1 . 2 3 6
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 1 . 6 8 1 3 4 . 5 1 9 3 6 . 8 3 1 4 2 . 4 5 7 3 1 . 3 8 3 3 3 . 4 7 9 3 5 . 0 5 4 3 9 . 7 9 8
d e l i  v e r y  r a t i o 0 . 8 5 2 0 . 8 5 2 0 . 8 5 2 0 . 8 5 1 0 . 8 5 2 0 . 8 5 1 0 . 8 5 1 0 . 8 5 0
m a n i f o l d  t emp ( deg k) 3 2 2 . 1 7 3 3 1 2 . 6 5 4 3 0 3 . 1 7 8 2 9 4 . 0 5 5 3 2 0 . 6 7 8 3 1 1 . 7 0 3 3 0 2 . 8 0 5 2 9 5 . 6 9 7
e n g i n e  p o w e r  ( k w.  ) 2 4 0 . 2 4 1 7 9 . 5 7 1 1 9 . 5 7 5 9 . 5 5 2 4 0 . 1 6 1 8 0 . 1 3 1 2 0 . 0 4 7 0 . 8 4
e n g i n e  t o r q u e  ( n . m .  ) ) 1 2 1 0 . 9 9 9 5 8 . 8 4 6 8 2 . 9 8 3 6 6 . 5 9 1 0 9 2 . 7 7 8 6 0 . 5 6 6 1 0 . 3 3 3 8 1 . 3 8
b . o . e . p  ( b a r  ) 1 5 . 1 8 2 5 1 1 . 9 8 0 7 8 . 5 2 3 5 4 . 5 5 6 8 1 3 . 6 9 6 0 1 0 . 7 8 6 0 7 . 6 4 6 9 4 . 7 3 H
s . f . c .  ( k g / k w  h r  ) 0 . 2 0 1 0 . 2 0 3 0 . 2 1 0 0 . 2 3 3 0 . 2 0 6 0 . 2 0 9 0 . 2 1 8 0 . 2 3 5
b . t h e r m a l  e f f . 0 . 4 1 4 3 0 . 4 1 0 5 0 . 3 9 6 3 0 . 3 5 8 5 0 . 4 0 5 2 0 . 3 9 9 0 0 . 3 8 2 9 0 . 3 5 5
f u e l  /  r e v  C k g .  ) 4 . 2 5 3 3 . 3 8 7 2 . 4 9 7 1 . 4 7 5 3 . 9 2 3 3 . 1 3 7 2 . 3 1 8 1 . 5 4 6
max c y l  p r e s s u r e  ( b a r  . ) 1 3 1 . 1 8 1 1 0 . 6 4 8 4 . 7 6 5 5 . 5 7 1 1 8 . 4 0 9 8 . 7 0 7 4 . 9 8 5 5 . 0 8
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 8 7 3 . 9 8 8 1 2 . 0 4 7 5 9 . 0 5 6 7 0 . 9 4 8 8 3 . 8 3 8 3 2 . 1 5 7 8 6 . 6 3 7 0 8 . 6 7
mass f l o w  ( k g / m i n ) 2 5 . 5 3 5 2 0 . 9 8 8 1 5 . 4 4 9 9 . 8 0 3 2 5 . 8 5 6 2 1 . 0 0 8 1 5 . 2 7 8 1 1 . 0 3 0
p e r c e n t a g e  h e a t  t o  c o o l a n t 9 . 9 4 1 1 . 0 0 1 2 . 9 8 1 6 . 6 6 9 . 8 4 1 0 . 9 8 1 3 . 0 7 1 5 . 6 2
c o m p r e s s o r  s p e e d  ( r . p . m . ) 5 5 4 0 . 2 4 5 8 5 . 2 3 4 8 6 . 9 2 3 8 8 . 7 5 5 1 5 . 2 4 5 6 0 . 2 3 4 1 4 . 2 2 5 8 3 . 4
c o m p r e s s o r  p r e s s u r e  r a t i o 3 . 1 9 7 2 . 7 1 7 2 . 1 1 2 1 . 4 5 2 2 . 9 5 3 2 . 4 8 1 1 . 9 1 0 1 . 4 6 0
mass f l o w  ( k g / m i n ) 2 5 . 7 0 1 2 1 . 0 6 7 1 5 . 6 4 9 9 . 9 1 5 2 5 . 9 4 1 2 1 . 2 5 6 1 5 . 4 3 3 1 1 . 0 4 8
c o m p r e s s o r  p o w e r  ( kw.  ) 7 1 . 5 5 4 6 . 6 1 2 5 . 0 8 9 . 1 1 6 4 . 0 8 4 1 . 4 9 2 1 . 8 5 1 0 . 2 2
c o m p r e s s o r  t o r q u e  ( n . m ) 1 2 3 . 2 8 9 7 . 0 3 6 8 . 6 7 3 6 . 4 2 1 1 0 . 9 1 8 6 . 8 5 6 1 . 0 8 3 7 . 7 7
d e l i v e r y  t e m p e r a t u r e  ( d e g  k) 4 6 0 . 3 9 4 2 6 . 5 8 3 9 0 . 3 5 3 4 9 . 5 4 4 4 1 . 8 5 4 1 1 . 1 3 3 7 9 . 1 9 3 4 9 . 9 0
c o m p r e s s o r  e f f i c i e n c y 0 . 6 9 8 0 . 7 3 7 0 . 7 3 3 0 . 6 0 4 0 . 7 2 4 0 . 7 4 9 0 . 7 0 8 0 . 6 0 8
t u r b i n e  s p e e d  ( r . p . m ) 4 7 1 1 3 . 4 4 2 0 7 9 . 3 3 3 5 7 4 . 1 1 5 1 8 9 . 0 4 5 8 5 9 . 9 3 9 9 3 9 . 9 3 0 6 6 5 . 4 1 6 0 8 6 . 4
t u r b i n e  p r e s s u r e  r a t i o 3 . 0 9 3 2 . 6 1 3 2 . 0 0 8 1 . 3 4 8 2 . 8 4 9 2 . 3 7 6 1 . 8 0 6 1 . 3 5 5
mass f l o w  ( k g / m i n ) 2 6 . 5 1 1 2 1 . 6 8 0 1 6 . 0 7 4 1 0 . 1 5 0 2 6 . 7 7 1 2 1 . 8 9 1 1 5 . 8 7 5 1 1 . 3 2 9
t u r b i n e  p o w e r  ( k w ) 7 8 . 0 4 4 9 . 6 7 2 3 . 5 0 3 . 1 1 7 4 . 0 7 4 5 . 8 9 1 9 . 5 8 3 . 8 8
t u r b i n e  t o r q u e  ( n . m ) 1 5 . 8 1 1 1 . 2 7 6 . 6 8 1 . 9 5 1 5 . 4 2 1 0 . 9 7 6 . 0 9 2 . 3 0
i n l e t  t e m p e r a t u r e  ( d e g  k ) 8 7 1 . 6 2 8 1 0 . 7 5 7 5 4 . 8 0 6 6 7 . 6 1 8 8 2 . 5 5 8 2 7 . 7 8 7 8 2 . 9 7 7 0 8 . 1 5
t u r b i n e  n o z z l e  a n g l e 7 . 9 5 1 7 . 5 5 5 7 . 6 2 6 1 1 . 9 8 0 8 . 8 4 3 8 . 6 6 0 9 . 1 2 0 1 3 . 4 8 4
t u r b i n e  e f f i c i e n c y 0 . 7 5 5 0 . 7 4 8 0 . 7 3 9 0 . 7 4 2 0 . 7 5 6 0 . 7 5 0 0 . 7 4 2 0 . 7 4 6
o u t p u t  s h a f t  s p e e d  ( r p m ) 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( k w ) 2 3 1 . 7 9 1 7 1 . 3 4 1 0 9 . 7 4 4 8 . 0 4 2 3 4 . 7 4 1 7 2 . 2 1 1 0 8 . 6 0 5 8 . 1 9
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 1 6 4 . 4 9 8 6 0 . 7 9 5 5 1 . 3 1 2 4 1 . 3 5 1 0 1 8 . 4 8 7 4 7 . 1 7 4 7 1 . 2 0 2 5 2 . 4 9
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 0 9 0 . 2 1 3 0 . 2 2 9 0 . 2 8 8 0 . 2 1 1 0 . 2 1 9 0 . 2 4 1 0 . 2 8 6
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 9 9 8 0 . 3 9 1 7 0 . 3 6 3 7 0 . 2 8 9 2 0 . 3 9 6 1 0 . 3 8 1 5 0 . 3 4 6 4 0 . 2 9 1
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 8 0 6 0 . 6 0 8 0 . 4 1 9 0 . 2 3 1 0 . 8 2 4 0 . 6 2 7 0 . 4 3 6 0 . 2 7 7
d y n a m i c  i n J e c t i o n ( d e g r e e  c a ) 3 3 9 . 8 3 4 1 . 6 3 4 3 . 1 3 4 4 . 7 3 4 1 . 1 3 4 2 . 5 3 4 3 . 6 3 4 4 . 7
d u r a t i o n  o f  i n j e c t i o n 2 5 . 0 2 0 . 8 1 7 . 2 1 3 . 6 2 4 . 4 2 0 . 8 1 7 . 4 1 4 . 6
t u r b i n e  g e a r  r a t i o 2 4 . 8 2 2 . 1 1 7 . 7 8 . 0 2 0 . 8 1 8 . 2 1 3 . 9 7 . 3
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
T a b l e - 4 . 2c
T a b l e - 4 .3  New map, o p t .  s p e e d ,  reduced  P a ( 0 . 8415bar)
CUMMINS L10 0 C C 31 30 34 2 4
number  o f  c y l i n d e r !  6 . 0
c o n - r o d  l e n g t h  C m . m . )  2 1 7 . 7 8
a u b i e n t  t e m p e r a t u r e  C d e g  k ) 2 9 4 . 4
c o m p r e s s i o n  r a t i o  1 6 . 3 0
  c o m p r e s s o r  g e a r  r a t i o
b o r e  ( m . m . )  1 2 5 . 0 3
i n l e t  v a l v e  c l o s i n g  ( de gs  ) 1 9 3 . 0
a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 8 4
e n g i n e  d i a g r a m  f a c t o r  0 . 9 8 7 0
9 . 5 5 0 0
s t r o k e  ( m . m . )  1 3 6 . 0 0
c o m p r e s s o r  s c a l e  f a c t o r  1 . 1 8
c o o l e r  e f f e c t i v e n e s s  0 . 3 4 2 7
t u r b i n e  f l o w  l o s s  f a c t o r  0 . 8 0 0 0
o u t p u t  s h a f t  g e a r  r a t i o  1 . 4 4 5 0
e n g i n e  s p e e d ( r . p . m )  
b o o s t  p r e s s u r e  r a t i o  
d e l i v e r e d  a i r  t o  f u e l  r a t i o  
d e l i  v e r y  r a t i o  
mani  f o l d  temp  
e n g i n e  p o we r  
e n g i n e  t o r q u e  
b . m . e . p  
s . f  . C .
b . t h e r m a l  e f f .  
f u e l  /  r e v  ( k g .
max c y l  p r e s s u r e  ( b a r  
e x h a u s t  t e m p e r a t u r e ( d e g  
mass f l o w  ( k g / m i n )  
p e r c e n t a g e  h e a t  t o  c o o l a n t
( d e g  k )
( k w.  ) 
( n . m .  ) )  
( b a r  ) 
( k g / k w  h r  )
) 






















































8 9 7 3
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3 2 0 .
1 2 0 .





1 2 2 .


















7 4 0 . 0 0
2 . 4 8 9
2 8 . 2 3 5
0 . 8 5 5
3 8 4 . 5 7 8
5 9 . 8 4
7 7 5 . 2 8
9 . 6 8 3 8
0 . 2 1 5
0 . 3 8 8 7
2 . 8 9 2
9 0 . 1 9
8 3 8 . 5 8
6 . 0 4 2
2 5 . 7 3
1 3 4 0 .
4 .  
3 1 .
0.
3 3 2 .
2 4 0 .
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1 56 ,  






















3 2 0 .
1 30 .
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6 0 2 7
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9 3 0 ,
3 ,  
3 3 .
0.
3 3 9 .
1 2 0 .





1 34 .  


















7 6 0 . 0 0
2 . 4 4 2
2 9 . 8 7 2
0 . 8 5 5
3 7 2 . 4 4 1
5 9 . 9 0
7 5 4 . 8 8
9 . 4 3 9 1
0 . 211
0 . 3 9 5 2
2 . 7 7 2
8 8 . 8 1
8 0 7 . 8 4
6 . 2 9 3
2 4 . 8 2
c o m p r e s s o r  s p e e d  ( r . p . m . ) 9 6 9 8 . 0 8 6 4 7 . 5 6 7 3 7 . 5 4 1 5 9 . 0 9 4 9 2 . 5 8 4 4 2 . 0 5 5 7 7 . 0 3 9 5 3 . 5
c o m p r e s s o r  p r e s s u r e  r a t i o 5 . 2 0 4 4 . 3 1 5 3 . 4 7 7 2 . 6 1 7 5 . 1 3 6 4 . 2 5 1 3 . 8 2 2 2 . 5 7 5
mass f l o w  ( k g / m i n ) 4 0 . 6 3 2 3 5 . 6 4 8 2 7 . 1 8 6 1 6 . 0 3 2 3 9 . 5 6 0 3 4 . 6 4 4 2 1 . 0 9 0 1 5 . 1 1 4
c o m p r e s s o r  p o w e r  ( k w.  ) 1 7 9 . 8 4 1 3 0 . 9 4 8 1 . 4 6 3 4 . 0 4 1 7 3 . 3 9 1 2 5 . 7 4 7 3 . 2 1 3 1 . 4 8
c o m p r e s s o r  t o r q u e  ( n . m ) 1 7 7 . 0 1 1 4 4 . 5 3 1 1 5 . 4 1 7 8 . 1 3 1 7 4 . 3 5 1 4 2 . 1 7 1 2 5 . 3 1 7 6 . 0 0
d e l i v e r y  t e m p e r a t u r e  ( d e g  k ) 5 5 6 . 5 0 5 1 2 . 6 3 4 7 2 . 9 0 4 2 1 . 3 0 5 5 3 . 9 9 5 1 0 . 0 7 5 0 0 . 8 2 4 1 8 . 8 9
c o m p r e s s o r  e f f i c i e n c y 0 . 6 6 9 0 . 6 9 6 0 . 7 0 4 0 . 7 3 5 0 . 6 6 9 0 . 6 9 5 0 . 6 6 3 0 . 7 3 5
t u r b i n e  s p e e d  ( r . p . m ) 5 0 5 0 4 . 7 4 5 2 8 4 . 1 3 9 9 3 2 . 2 3 2 2 0 3 . 6 5 0 5 5 0 . 0 4 5 1 6 6 . 4 4 3 9 8 8 . 8 3 2 2 3 9 . 3
t u r b i n e  p r e s s u r e  r e t i o 5 . 0 8 2 4 . 1 9 3 3 . 3 5 4 2 . 4 9 5 5 . 0 1 3 4 . 1 2 9 3 . 7 0 0 2 . 4 5 2
mass f l o w  ( k g / m i n ) 4 1 . 4 0 3 3 6 . 2 0 2 2 7 . 5 5 6 1 6 . 2 4 8 4 0 . 3 3 7 3 5 . 2 0 0 2 1 . 4 6 5 1 5 . 3 2 7
t u r b i n e  p o w e r  ( k w ) 1 4 9 . 1 7 1 0 1 . 2 8 5 9 . 2 4 2 4 . 7 4 1 4 5 . 7 3 9 8 . 1 7 5 4 . 8 9 2 2 . 8 5
t u r b i n e  t o r q u e  ( n . m ) 2 8 . 1 9 2 1 . 3 5 1 4 . 1 6 7 . 3 3 2 7 . 5 2 2 0 . 7 5 1 1 . 9 1 6 . 7 7
i n l e t  t e m p e r a t u r e  ( d e g  k ) 7 5 0 . 4 6 6 6 0 . 2 8 6 0 5 . 5 8 5 9 1 . 3 6 7 5 8 . 5 1 6 6 5 . 3 4 6 7 3 . 2 4 5 9 2 . 3 6
t u r b i n e  n o z z l e  a n g l e 8 . 0 4 7 8 . 0 7 0 7 . 4 5 7 6 . 0 3 9 7 . 9 9 7 6 . 0 0 8 5 . 5 1 5 5 . 8 2 7
t u r b i n e  e f f i c i e n c y 0 . 7 7 5 0 . 7 6 8 0 . 7 5 7 0 . 7 3 6 0 . 7 7 4 0 . 7 6 7 0 . 7 4 9 0 . 7 3 5
o u t p u t  s h a f t  s p e ed  ( r p m ) 4 4 0 . 0 0 4 4 0 . 0 0 4 4 0 . 0 0 4 4 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0
o u t p u t  s h a f t  po we r  ( k w ) 1 9 2 . 2 2 1 3 7 . 7 6 8 9 . 6 7 4 6 . 2 6 1 9 5 . 3 7 1 3 9 . 9 6 9 3 . 7 9 4 6 . 9 5
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 4 1 7 0 . 0 2 2 9 8 8 . 4 6 1 9 4 5 . 2 1 1 0 0 3 . 6 0 3 7 2 9 . 7 2 2 6 7 1 . 9 9 1 7 9 0 . 5 7 8 9 6 . 3 3
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 3 9 0 . 2 3 9 0 . 2 4 5 0 . 2 7 8 0 . 2 3 7 0 . 2 3 7 0 . 2 3 9 0 . 2 6 9
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 4 8 5 0 . 3 4 8 3 0 . 3 3 9 7 0 . 3 0 0 5 0 . 3 5 1 9 0 . 3 5 2 3 0 . 3 4 8 6 0 . 3 0 9 8
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 7 6 7 0 . 5 5 0 0 . 3 6 7 0 . 2 1 4 0 . 7 7 2 0 . 5 5 2 0 . 3 7 4 0 . 2 1 1
d y n a m i c  i n j e c t i o n ( d e g r e e  c a ) 3 5 7 . 1 3 4 0 . 3 3 4 3 . 0 3 4 5 . 4 3 5 7 . 1 3 4 0 . 4 3 4 2 . 4 3 4 5 . 5
d u r a t i o n  o f  i n j e c t i o n 2 9 . 7 2 3 . 7 1 8 . 6 1 5 . 3 2 9 . 6 2 3 . 5 2 0 . 4 1 5 . 1
t u r b i n e  g e a r  r a t i o 1 1 4 . 8 1 0 2 . 9 9 0 . 8 7 3 . 2 1 0 1 . 1 9 0 . 3 8 8 . 0 6 4 . 5
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 03 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
T a b l e - 4 .3 a
CUMMINS L10 D C E 2 9  27  2 ?  29
number of  c y l i n d e r s 6 . 0 bore ( m.m.) 125 . 0 3  s t r o k e ( m. m.) 136.1
c o n - r o d  l e n g t h  ( m.m.) 2 17 . 78 i n l e t  v a l v e c l o s i n g  ( de gs  ) 193 . 0  c ompr ess or  s c a l e  f a c t o r l . K
ambient  t emperat ure  ( deg k ) 2 94 . 9 ambient  p r e s s u r e  ( bar ) 0 . 84  c o o l e r  e f f e c t i v e n e s s 0.1
c o mpr ess io n r a t i o 16. 30 e n g i n e  diagram f a c t o r 0 . 9 4 59  t u r b i n e  f low l o s s  f a c t o r 0.1
- - - - -  compressor  gear  r a t i o  9 .5500 out put  s h a f t  gear  r a t i o  1 . 4 4 5 0  - - - - -
e n g i n e  s p e e d ( r . p . m ) 1475.00 13 20 .00 11 15 . 00 9 8 5 . 0 0 1780 . 00 1 6 30 . 00 1 51 0 .0 0 1 3 70 .00
boos t  p r e s s u r e  r a t i o 9 . 528 3 . 794 2 . 9 7 8 2 . 0 5 0 3 . 6 5 9 3 . 0 1 2 2 . 3 6 1 1 . 513
d e l i v e r e d  a i r  to  fue l  r a t i o 31 . 330 3 4 . 4 5 2 35 . 44 0 4 2 . 0 0 9 3 0 . 0 9 8 3 0 . 9 1 6 3 4 . 6 4 9 4 0 . 4 8 2
d e l i  very r a t i o 0 . 85 2 0 . 85 3 0 . 8 53 0 .8 54 0 . 8 5 2 0 . 8 5 2 0 . 8 5 3 0 . 8 5 3
m a ni f o l d  temp ( deg k) 33 6. 924 3 2 4 . 1 6 6 3 1 5 . 4 60 3 1 1 . 4 3 9 3 32 . 5 5 2 3 2 2 . 24 4 3 0 9 . 6 4 8 2 9 7 . 6 3 2
e n g i n e  power ( k w. ) 23 9 .9 3 1 80 .56 1 20 .45 5 9 . 7 0 2 4 0 . 0 9 1 80 .07 1 2 0 . 0 9 5 9 . 7 7
e n g i n e  t orque  ( n.m.  ) ) 1555.81 1 30 3 . 88 10 29 . 07 5 8 2 . 4 4 1 289 .23 10 55 .90 7 5 9 . 8 8 4 1 8 . 7 6
b . m . e . p  ( bar ) 19.4809 16 . 3817 12 . 9375 7 . 2 56 0 16 .1 535 1 3 . 2 3 0 2 9 . 5 2 4 8 5 . 2 2 4 6
s . f . c .  ( kg/kw hr } 0 . 199 0 . 1 88 0 . 1 6 6 0 . 1 9 5 0 . 2 04 0 . 2 0 6 0 . 2 0 9 0 . 2 1 7
b . the rma l  e f f . 0 . 4200 0 . 4 4 46 0 . 4 48 2 0 . 4 2 6 6 0 . 4 0 8 8 0 . 4 0 4 7 0 . 4 0 0 0 0 . 3 8 3 8
f ue l  /  rev ( kg.  ) 5 . 3 8 3 4 . 2 7 7 3 . 351 1 . 975 4 . 5 8 6 3 . 7 9 5 2 . 7 6 4 1 . 58 0
max c yl  p r e s s u r e  ( bar . ) 155.51 1 42 . 77 112.11 7 5 . 47 138 .99 1 1 5 . 7 2 9 0 . 4 5 5 7 . 3 1
e x ha us t  t e m p er a tu r e( de g  k ) 89 0 . 2 6 7 9 3 . 2 4 7 4 0 . 6 3 6 4 5 . 2 2 9 1 3 . 2 7 8 7 3 . 3 9 7 8 5 . 2 5 6 70 . 41
mass f low (kg/ mi n) 24 . 87 7 19 . 450 13 . 240 8 . 171 2 4 . 5 70 19 . 12 4 1 4 . 46 0 8 . 7 6 3
p e r c e n t a g e  heat  to  c o o l a n t 10.34 1 1 . 76 1 4 . 59 19 . 35 10 . 32 11 . 81 1 3 .6 8 1 8 .0 0
compressor  speed ( r . p . m . ) 7 146 . 8 5 6 6 6 . 6 3 7 0 8 . 8 2 4 6 7 . 3 6 4 2 4 . 6 4 99 2. 1 3 84 6 . 1 2 50 9. 1
compressor  p r e s s u r e  r a t i o 4 . 86 9 4 . 0 70 3 . 1 8 7 2 . 2 1 2 4 . 0 1 4 3 . 2 9 6 2 . 5 9 2 1. 691
mass f low ( kg/min) 27 . 00 9 2 1 . 1 2 9 13 . 30 8 6 . 34 0 2 4 . 7 8 4 19 . 151 1 4 . 58 8 8 . 8 4 8
compressor  power ( kw. ) 118. 50 78 . 61 4 0 . 4 9 1 5 . 09 8 8 . 0 9 5 6 . 0 5 3 0 . 8 3 1 0 . 87
compressor  t or que  (n.m) 158. 27 132 .43 104 . 20 5 8 . 4 0 130 . 89 1 07 . 18 7 6 . 51 4 1 . 3 7
d e l i v e r y  t emperat ure  (deg k) 554 .24 5 1 5 . 4 0 475 . 61 4 0 2 . 6 8 5 0 5 . 6 8 4 6 8 . 8 2 4 2 0 . 7 1 3 6 8 . 0 6
compressor  e f f i c i e n c y 0 . 642 0 . 6 53 0 . 6 36 0 . 6 9 4 0 . 6 7 6 0 . 6 8 4 0 . 7 3 0 0 . 6 5 0
t u r b i n e  speed ( r .p . m ) 5 3 46 5. 3 4 8 4 4 6 . 2 4 1 3 2 7 . 2 3 0 0 4 9 . 7 5 2 2 8 2 . 2 4 7 3 7 3 . 6 3 8 798 .1 2 2 1 1 5 . 5
t u r b i n e  p r e s s u r e  r a t i o 4 . 7 4 6 3 . 9 4 7 3 . 0 6 4 2 . 0 8 9 3 . 8 9 2 3 . 1 7 4 2 . 4 6 9 1 . 5 6 9
mass f low (kg/ mi n) 2 7 . 8 06 2 1 . 6 9 5 1 3 . 682 8 . 5 3 5 2 5 . 6 0 3 1 9 . 7 7 2 1 5 . 0 0 8 9 . 0 6 7
t u r b i n e  power (kw) 110 . 33 6 7 . 2 4 3 2 . 5 0 10 . 73 9 4 . 1 5 5 8 . 6 4 3 0 . 2 2 5 . 7 6
t u r b i n e  to rque  (n.m) 19. 70 1 3 . 25 7 . 51 3. 41 17 . 19 1 1 . 82 7 . 4 3 2 . 4 8
i n l e t  te mper at ur e  (deg k) 86 6 . 4 2 7 7 3 . 1 3 73 9 . 4 1 6 4 0 . 6 9 9 1 0 . 1 6 8 7 2 . 8 8 7 8 2 . 4 0 6 6 7 . 7 6
t u r b i n e  n o z z l e  a ng l e 6 . 2 5 5 5 . 5 9 3 4 . 5 2 6 4 . 1 8 6 7 . 3 0 3 6 . 8 7 2 6 . 5 6 2 7 . 9 8 5
t u r b i n e  e f f i c i e n c y 0 . 7 6 2 0. 751 0 . 7 3 6 0 . 7 2 3 0 . 7 6 0 0 . 75 1 0 . 7 41 0 . 7 3 2
o utput  s h a f t  spee d (rpm) 1050.00 10 50 . 00 1050 . 00 1050 .00 1 600 . 00 1 60 0 . 00 1 6 00 . 00 1 6 00 . 00
o utput  s h a f t  power (kw) 2 1 6 . 3 9 157 .47 104 .63 5 1 . 0 4 2 3 0 . 5 6 1 70 . 97 1 1 0 . 8 6 4 9 . 3 1
o utput  s h a f t  tor que  ( n . / e ) 1967 . 16 1 4 31 . 54 9 5 1 . 2 0 4 6 3 . 9 8 137 5. 49 1 02 0 . 00 6 6 1 . 3 6 2 9 4 . 1 6
o utput  s h a f t  s f c  (kg /kw. hr) 0 . 220 0 . 2 1 5 0 . 214 0 . 2 2 9 0 . 2 1 2 0 . 2 1 7 0 . 2 2 6 0 . 2 6 3
o ut put  thermal  e f f i c i e n c y 0. 3788 0 . 3 87 7 0 .3 8 93 0 . 3 6 48 0 . 3 92 6 0 . 3 8 4 2 0 . 3 6 9 3 0 . 3 1 6 6
e n g i n e  fue l  f low ( kg/min) 0 . 794 0 . 5 6 5 0 . 37 4 0 . 1 95 0 . 8 1 6 0 . 6 1 9 0 . 4 1 7 0 . 2 1 6
dynamic i n j e c t < o n ( d e g r e e  ca) 3 47 .2 3 4 0 . 5 3 4 3 . 3 346 . 1 3 3 8 . 9 3 4 0 . 5 3 4 2 . 7 3 4 5 . 3
d u r a t i o n  o f  i n j e c t i o n 2 8 . 6 2 2 . 9 18 . 0 1 3 . 6 2 6 . 2 2 2 .1 1 7 . 6 1 3 .0
t u r b i n e  gear  r a t i o 5 0 . 9 46 . 1 3 9 .4 2 8 . 6 3 2 . 7 2 9 . 6 2 4 . 2 1 3 . 8
p r e s s u r e  l o s s  in p i p e  a (bar) 0 .1 0345 0 . 10 3 45 0 . 10 345 0 . 10 3 45 0 . 10 3 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  in p i p e  b (bar) 0 .1 0345 0 . 10 3 4 5 0 . 10 3 45 0 . 1 0 3 45 0 . 10 3 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  in p i p e  c (bar) 0 . 10345 0 . 1 03 4 5 0 . 1 0345 0 . 10 34 5 0 .1 0 34 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  in p i p e  d (bar) 0 . 10345 0.  10345 0 . 10 3 45 0 . 10 34 5 0 .1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
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CUMMINS L10 D C E
n u a l er  of  c y l i n d e r s  6 . 0
c o n - r od  l e n gt h  ( m.m.) 21 7 . 7 8
ambient t emperat ure  ( deg k ) 294 . 4
c o mpr ess io n r a t i o  16 . 30
- - - - -  compressor  gear  r a t i o
bore ( m.m.)
i n l e t  v a l v e  c l o s i n g  ( degs  ) 
ambient  p r e s s u r e  ( bar ) 
e n g i n e  diagram f a c t o r  
9 . 55 00
D£5I6aI P o u d f 34 34 24  24
12 5 .0 3
193 . 0
0 . 8 4
0 . 8 9 9 2
s t r o k e  ( m.m.) 136 .0 0
c ompr ess or  s c a l e  f a c t o r  1 .1 8
c o o l e r  e f f e c t i v e n e s s  0 . 7 8 3 2
t u r b i n e  f lo w l o s s  f a c t o r  0 . 8 0 0 0
o utput  s h a f t  gear  r a t i o 1 . 4 4 5 0  ---------
e n gi n e  s p e e d ( r . p . m ) 1965.00 1 840 . 00 17 20 . 00 15 85 . 00 2 15 5 .0 0 2 0 5 0 . 0 0 19 25 .00 1 81 8. 00
boo st  p r e s s u r e  r a t i o 3.231 2 . 6 8 9 2 . 1 0 9 1. 358 2 . 8 8 6 2 . 4 4 2 1 . 877 1 . 353
d e l i v e r e d  a i r  t o  fue l  r a t i o 29 . 021 3 0 . 6 8 2 3 4 . 0 5 8 38 . 141 2 8 . 0 5 2 3 0 . 5 7 8 3 2 . 9 5 5 3 5 . 9 3 3
d e l i v e r y  r a t i o 0 .851 0 . 8 52 0 . 8 5 2 0 . 8 5 3 0 . 850 0. 851 0. 851 0 . 85 2
m a ni f o l d  temp ( deg k) 32 7. 87 4 3 1 9 . 2 5 9 3 08 . 9 1 0 2 9 7 . 4 7 7 3 2 4 . 1 5 9 3 1 5 . 7 5 7 3 07 .1 91 2 9 9 . 3 4 9
e n g i n e  power C k w. ) 23 9 . 9 3 1 79 . 97 1 20 . 00 5 9 . 9 5 2 3 9 . 7 6 1 79 .86 119 .9 0 71 .40
e n g i n e  t orque  ( n.m.  ) ) 1167. 85 9 3 5 . 3 9 6 6 7 . 1 0 3 6 1 . 96 10 64 .88 8 3 9 . 5 7 5 9 6 . 0 6 3 7 6 . 1 3
b . m . e . p  ( bar ) 14 .6230 1 1 . 7 136 8 . 3 5 5 6 4 . 5 29 4 1 3. 324 2 1 0 . 5 0 82 7 . 4 5 9 4 4 .7 0 34
s . f . c .  ( kg/kw hr ) 0 . 209 0. 211 0 . 2 1 6 0 . 2 38 0 . 21 4 0 . 2 1 7 0 . 22 4 0. 241
b. the rma l  e f f . 0 . 3989 0 .3 94 8 0 .3 85 4 0 . 3 4 9 8 0 . 3 8 9 2 0 . 3 8 5 2 0 . 3 7 2 3 0 .3 4 57
f ue l  /  rev ( kg.  ) 4 . 2 5 5 3 . 444 2 . 5 1 6 1. 50 3 3 . 9 7 3 3 . 1 6 6 2 . 3 2 6 1 . 579
max c y l  p r e s s u r e  C bar . ) 1 23 . 05 1 03 . 12 8 0 . 8 4 5 1 . 9 5 1 09 .64 9 2 . 7 5 7 1 . 8 6 5 1 . 8 4
e xha us t  t e m p er a tu re f de g  k ) 9 3 5 . 89 8 8 3 . 2 2 8 0 3 . 1 2 7 1 2 . 3 9 9 5 8 . 0 2 8 8 9 . 1 2 8 2 4 . 3 3 7 5 4 . 2 3
mass f low (kg/ mi n) 24 . 26 5 19.441 14 . 741 9 . 0 8 7 2 4 . 0 2 0 1 9 . 8 47 14 . 75 5 1 0 . 31 6
p e r c e n t a g e  heat  t o  c o o l a n t 10 . 32 11 . 64 13.51 1 7 .6 3 10.31 1 1 . 43 1 3 . 46 1 6 .4 2
compressor  speed ( r . p . m . ) 6 2 08 . 7 5 0 1 4 . 9 3 8 6 8 . 9 2 5 7 9 . 7 6 0 4 0 . 5 5 0 3 7 . 7 3 8 4 4 . 0 282 2. 1
compressor  p r e s s u r e  r a t i o 3 . 59 8 2 . 9 8 6 2 . 3 4 9 1 . 543 3 . 2 7 0 2 . 7 5 7 2 . 1 2 6 1 . 555
mass f low (kg/ mi n) 2 4 . 39 4 19 . 64 2 1 4 . 9 42 9 . 2 9 7 2 4 . 1 1 6 1 9 . 97 7 15 .02 4 10 . 492
compressor  power ( kw. ) 7 7 . 05 4 9 . 6 2 2 7 . 2 0 9 . 6 5 6 8 . 31 4 4 . 7 5 2 4 . 1 0 10 . 99
compressor  t or que  (n.m) 118. 46 9 4 . 4 5 6 7 . 1 0 3 5 . 7 2 1 07 . 94 8 4 . 7 9 5 9 . 8 4 3 7 . 1 6
d e l i v e r y  te mper at ur e  (deg k) 4 82 . 46 4 4 5 . 1 7 4 0 3 . 2 9 3 5 6 . 6 6 4 6 3 . 2 5 4 2 8 . 2 2 390 .41 3 5 7 . 1 9
compressor  e f f i c i e n c y 0 . 689 0 . 7 1 6 0 . 7 4 9 0 . 6 2 7 0 .7 01 0 . 7 4 0 0 . 7 4 0 0 . 6 3 3
t u r b i n e  speed ( r . p . m ) 50 694 . 1 4 52 2 2 . 5 3 6 60 4 .1 1 72 71 .8 4 9 2 9 9 . 6 4 3 2 3 0 . 2 3 4 0 7 1 . 2 18 36 3. 2
t u r b i n e  p r e s s u r e  r a t i o 3 . 4 7 6 2 . 8 6 3 2 . 2 2 6 1. 421 3 . 1 4 7 2 . 6 3 4 2 . 0 0 3 1 . 43 2
mass f low (kg/ mi n) 2 5 . 2 33 2 0 . 2 7 9 15 .3 80 9 . 5 3 9 2 4 . 9 7 6 2 0 . 6 31 1 5 . 4 78 10 . 784
t u r b i n e  power (kw) 8 7 . 6 5 5 5 . 1 5 2 7 . 5 2 3 . 81 8 1 . 8 8 5 1 . 8 8 2 3 . 8 5 4 . 8 7
t u r b i n e  t or que  (n.m) 16. 50 1 1 . 64 7 . 1 8 2 . 1 0 15 . 85 1 1 . 4 6 6 . 6 8 2 . 5 3
i n l e t  te mp er at ur e  (deg k) 9 3 3 . 7 9 8 7 9 . 2 9 7 9 8 . 3 0 7 0 5 . 10 95 6 .3 1 8 8 6 . 4 9 8 1 7 . 4 2 7 4 8 . 23
t u r b i n e  n o z z l e  a n g l e 8 . 24 1 7 . 9 2 7 7 . 7 91 12. 061 9 . 2 0 5 8 . 9 2 5 9 . 2 9 3 1 3. 63 3
t u r b i n e  e f f i c i e n c y 0 . 76 0 0 . 75 2 0 . 7 4 3 0 . 7 4 3 0. 761 0 . 7 5 4 0 . 7 4 6 0 . 74 8
out put  s h a f t  sp ee d (rpm) 1900 . 00 1 9 00 .0 0 1 9 00 .00 19 00 .00 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0
output  s h a f t  power (kw) 2 3 4 . 9 2 1 7 3 . 28 11 1 .3 4 4 8 . 0 6 2 3 7 . 6 6 174 . 51 1 1 0 . 3 5 5 8 . 3 0
out put  s h a f t  t or que  ( n . / m) 1180 . 20 87 0 .5 1 5 5 9 . 3 5 2 4 1 . 4 7 1 03 1 . 14 7 5 7 . 1 6 4 7 8 . 7 8 2 5 2 . 9 4
output  s h a f t  s f c  ( kg / kw .h r) 0 . 214 0 . 2 1 9 0 . 2 3 3 0 . 2 9 7 0 . 2 1 6 0 . 2 2 3 0 . 2 4 3 0 . 29 5
out put  thermal  e f f i c i e n c y 0 .3 906 0.38 01 0 . 3 5 7 6 0 . 2 8 0 4 0 . 3 8 5 8 0 . 3 7 3 8 0 . 3 4 2 6 0 . 2 82 3
e n g i ne  f ue l  f low ( kg/min) 0 . 8 3 6 0 . 6 34 0 . 4 3 3 0 . 2 3 8 0 . 8 5 6 0 . 6 4 9 0 . 4 4 8 0 . 287
dynamic i n j e c t i o n ( d e g r « e  ca) 3 4 0 . 0 3 4 1 . 5 3 4 3 .1 3 4 4 . 6 3 4 1 . 2 3 4 2 . 6 3 4 3 . 7 3 4 4 . 7
d u r a t i o n  o f  i n j e c t i o n 2 5 . 3 2 1 . 2 1 7 .4 1 3 . 8 2 4 . 8 2 1 . 2 1 7 . 6 14 . 8
t u r b i n e  g ear  r a t i o 2 6 . 7 2 3 . 8 1 9 . 3 9 . 1 2 2 . 4 1 9. 7 1 5 . 5 8 . 3
p r e s s u r e  l o s s  i n p i p e  a (bar) 0 . 10 345 0 . 1 0 3 45 0 . 1 0 3 4 5 0 . 10 3 4 5 0 .1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 10 3 4 5
p r e s s u r e  l o s s  in p i p e  b (bar) 0 . 10 345 0 . 10 3 45 0 . 1 0 3 4 5 0 . 10 3 4 5 0 .1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 10 3 45
p r e s s u r e  l o s s  in p i p e  c (bar) 0 . 10345 0 . 10 3 45 0 . 1 0 3 4 5 0 . 10 3 45 0 .1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 10 34 5
p r e s s u r e  l o s s  in p i p e  d (bar) 0 . 10 345 0 . 10 3 4 5 0 . 1 0 3 4 5 0 . 10 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 34 5 0 .  10345
T a b l e - 4 . 3 c
136 . 00  
1. 18  
0 . 9 3 2 7  
0 . 800 0
- - - - -  compressor  gear r a t i o  9 . 5 5 0 0  out put  s h a f t  g ea r  r a t i o  1 . 4 4 5 0  - - - - -
e n g i n e  s p e e d ( r . p . m ) 1340.00 1 19 0 .0 0 10 20 . 00 7 3 0 . 0 0 13 40 .00 1 1 90 .00 8 5 0 . 0 0 7 4 0 . 0 0
boos t  p r e s s u r e  r a t i o 4 . 21 2 3 . 5 6 0 2 . 8 1 2 2 . 1 9 8 4 . 2 0 6 3 . 5 6 0 3 . 4 2 3 2 . 2  02
d e l i v e r e d  a i r  to  f ue l  r a t i o 30 . 566 3 2 . 8 0 9 3 3 . 6 7 5 3 7 . 73 1 30 . 49 1 3 2 . 7 7 2 3 4 . 8 0 8 3 8 . 3 6 4
d e l i v e r y  r a t i o 0 . 85 4 0 . 854 0 . 8 5 4 0 . 8 54 0 . 8 54 0 . 8 5 4 0 . 85 4 0 . 8 5 4
m a ni f o l d  temp ( deg k) 34 2. 647 3 3 3 . 0 3 6 3 2 2 . 9 0 7 3 1 3 . 6 3 2 3 4 2 . 9 71 3 3 3 . 3 2 5 3 2 4 . 5 8 9 3 1 3 . 8 1 8
e n g i n e  power ( k w. ) 240 .15 1 79 .93 120 . 13 6 0 . 0 0 2 4 0 . 1 5 17 9. 92 11 9 .8 6 6 0 . 0 1
e n g i n e  tor que  ( n.m.  ) ) 1712. 56 1 4 46 . 32 112 4. 92 7 8 5 . 9 0 1 71 2 . 56 1 44 6 . 32 134 9. 90 7 7 5 . 2 8
b . m . e . p  ( bar ) 21 . 4630 1 8 . 10 75 1 4 . 1 04 3 9 .8441 2 1 . 4 6 2 8 1 8 . 1 068 1 6 .8 873 9 . 7 1 2 5
s . f . c .  ( kg/kw hr ) 0 . 19 9 0 . 1 9 2 0 . 1 9 5 0 . 20 1 0 . 2 0 0 0 . 1 9 2 0 . 191 0 . 201
b . the rma l  e f f . 0 . 4184 0 . 4 3 4 9 0 . 4 2 70 0 . 415 0 0 . 4181 0 . 4 3 4 8 0 . 4 3 7 0 0 . 4 1 5 9
f ue l  /  rev ( kg.  ) 5 . 9 55 4 . 8 3 3 3 . 8 3 4 2 . 7 5 3 5 . 9 5 9 4 . 8 3 4 4 . 4 8 6 2 . 7 11
mux c y l  p r e s s u r e  ( bar . ) 157.80 1 56 . 94 12 4 . 4 9 9 5 . 9 8 1 5 7 . 5 5 15 6 . 9 2 1 49 . 75 9 5 . 91
e xhaus t  t e mp er a tu re ( de g  k ) 9 11 . 97 8 3 3 . 3 7 7 9 2 . 2 2 6 9 8 . 6 1 9 1 3 . 9 1 8 3 4 . 1 3 7 7 5 . 1 5 6 9 3 . 3 0
mass f low (kg/min) 24 . 406 18 . 86 9 13 . 17 1 7 . 5 8 4 2 4 . 3 4 8 1 8 . 8 53 1 3 . 2 7 2 7 . 6 9 5
p e r c e n t a g e  heat  t o  c o o l a n t 10.54 1 2 . 1 5 1 4 . 82 2 0 . 3 2 1 0 . 5 6 1 2 . 16 14.81 2 0 . 1 5
compressor  speed ( r . p . m . ) 9889 . 0 8 4 5 6 . 5 6 8 3 3 . 0 4 0 6 3 . 5 9 4 9 2 . 5 8 0 6 0 . 0 4 8 1 3 . 0 3 7 6 2 . 5
compressor  p r e s s u r e  r a t i o 4 . 4 10 3 . 7 4 2 2 . 9 7 5 2 . 3 3 5 4 . 4 0 4 3 . 74 1 3 . 5 7 4 2 . 3 3 9
mass f low (kg/min) 46 . 52 7 3 9 . 1 2 3 3 1 . 4 8 5 1 7 . 56 5 4 4 . 2 9 5 3 6 . 9 2 9 1 9 . 8 92 15 . 96 7
compressor  power ( kw. ) 180.61 13 0 . 2 7 8 1 . 7 7 3 3 . 7 2 17 3 . 3 7 1 24 .1 5 6 8 . 9 4 3 0 . 7 8
compressor  t orque  (n.m) 174. 34 1 47 . 04 1 14 . 23 7 9 . 2 0 17 4 . 3 4 1 47 . 03 1 3 6 . 7 3 7 8 . 0 9
d e l i v e r y  t emperat ure  (deg k) S43 . 07 5 1 0 . 8 7 4 6 7 . 8 8 4 2 7 . 8 4 5 4 4 . 9 3 5 1 2 . 7 6 5 1 8 . 8 2 4 2 8 . 3 3
c ompressor  e f f i c i e n c y 0 . 7 13 0 . 721 0 . 7 3 8 0 . 7 50 0 . 7 0 6 0 . 7 1 4 0 . 6 6 4 0 . 7 4 8
t u r b i n e  spee d ( r . p . m ) 4821 8. 9 4 3 7 9 2 . 4 3 7 8 2 4 . 2 3 07 64 . 1 4 8 2 3 5 . 5 4 3 9 1 7 . 5 4 3 5 7 1 . 2 3 0 9 9 2 . 9
t u r b i n e  p r e s s u r e  r a t i o 4 . 306 3 . 6 3 7 2 . 87 1 2 . 2 31 4 . 3 0 0 3 . 6 3 7 3 . 4 7 0 2 . 2 3 5
mass f low (kg/min) 47.331 3 9 . 7 0 3 3 1 . 8 8 2 17 . 770 4 5 . 1 0 0 3 7 . 5 0 9 2 0 . 2 7 4 1 6 . 1 70
t u r b i n e  power (kw) 154 . 88 1 0 3 . 5 6 6 1 . 0 5 2 2 . 1 8 149. 41 9 9 . 1 4 5 1 . 0 1 2 0 . 5 7
t u r b i n e  t or que  (n.m) 30 . 66 2 2 . 5 7 15.41 6 . 8 8 2 9 . 5 7 2 1 . 5 5 1 1 . 17 6 . 3 3
i n l e t  t emperat ure  (deg k) 7 47 .63 6 7 5 . 2 1 6 1 1 . 9 6 5 5 0 . 7 4 7 5 8 . 7 2 6 8 5 . 5 8 6 9 5 . 3 0 5 6 1 . 8 8
t u r b i n e  n o z z l e  a n g l e 9 . 221 8 . 7 6 7 8 . 6 2 9 6 . 1 5 9 8 . 8 6 4 8 . 3 4 5 4 . 7 6 8 5 . 6 41
t u r b i n e  e f f i c i e n c y 0 . 774 0 . 7 6 6 0 . 7 5 7 0 . 7 36 0 . 7 7 2 0 . 7 6 4 0 . 7 4 2 0 . 7 3 4
out put  s h a f t  speed (rpm) 440 .00 4 4 0 . 0 0 4 4 0 . 0 0 4 4 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0
output  s h a f t  power (kw) 196 . 73 1 4 0 . 6 2 9 1 . 0 0 4 4 . 21 198 .80 1 42 .5 4 9 4 . 3 0 4 5 , 5 5
out put  s h a f t  t orque  ( n. /m) 42 67 . 86 3 0 5 0 . 6 3 197 4. 04 9 5 9 . 0 7 3 7 9 5 . 1 7 2 7 2 1 . 1 9 1 8 0 0 . 2 6 8 6 9 . 5 5
out put  s h a f t  s f c  ( kg / kw . hr ) 0 . 243 0 . 2 4 5 0 . 2 5 8 0 . 2 7 3 0 . 24 1 0 . 2 4 2 0 . 2 4 3 0 . 2 6 4
out put  thermal  e f f i c i e n c y 0 . 3427 0 . 3 3 9 9 0 . 3 2 3 4 0 . 3 0 5 7 0 . 3461 0 . 3 4 4 4 0 . 3 4 3 8 0 , 3 1 5 6
e n g i n e  f ue l  f low (kg/ mi n) 0 . 798 0 . 5 7 5 0 . 391 0 . 201 0 . 7 9 9 0 . 5 7 5 0 . 38 1 0 . 2 01
dynamic i n j e c t i o n ( d e g r e e  ca) 361 . 7 3 3 9 . 7 3 4 2 . 5 3 4 5 . 7 3 6 1 . 7 3 3 9 . 7 3 4 1 . 6 3 4 5 . 7
d u r a t i o n  of  i n j e c t i o n 30 . 4 2 4 . 9 1 9 . 8 15 . 0 3 0 . 5 2 4 . 9 2 2 . 3 1 4 . 9
t u r b i n e  g ear  r a t i o 109. 6 9 9 . 5 8 6 . 0 6 9 . 9 9 6 . 5 8 7 . 8 8 7 . 1 6 2 . 0
p r e s s u r e  l o s s  in p i p e  a (bar) 0 . 10345 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 10 3 4 5 0 . 1 03 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  in p i p e  b (bar) 0 . 10345 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 10 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  in p i p e  c (bar) 0 . 10345 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 10 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  in p i p e  d (bar) 0 . 10345 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 10 3 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .1C345
T a b l e - 4 . 4  New map, o p t .  s p e e d ,  e l e v a t e d  Ta( j lJK )
CUMMINS L10 0 C E
number o f  c y l i n d e r s  
c o n - r od  l e n g th  ( i.)
O^i<dT
6 . 0
2 1 7 . 7 8
anb ien t  t emperat ure  ( deg k ) 3 1 3 . 3
c o mpr ess io n r a t i o 16. 30
bore  ( m.m.)
i n l e t  v a l v e  c l o s i n g  ( de gs  ) 
ambient  p r e s s u r e  ( bar ) 
e n g i n e  diagram f a c t o r
38 17 39 24
1 2 5 . 0 3  s t r o k e  C m.m.)
1 93 . 0  c ompressor  s c a l e  f a c t o r
0 . 9 9  c o o l e r  e f f e c t i v e n e s s
0 . 9 4 8 7  t u r b i n e  f l o u  l o s s  f a c t o r
T a b l e - 4 .  4a
CUMMINS L10 D C E 39 20 31 24
number o f  c y l i n d e r s  6 . 0
co n- r od  l e n g t h  ( m.m.) 21 7 .7 8
ambient temper at ur e  ( deg k ) 3 1 3. 3
c ompr ess i on  r a t i o  16.30
- - - - -  compressor  gear  r a t i o
bore ( m.m.) 1 25 .03
i n l e t  v a l v e  c l o s i n g  ( degs  ) 193 . 0
ambient  p r e s s u r e  ( bar ) 0 . 9 9
e n g i ne  diagram f a c t o r  0 .9 271
9 .5 500
s t r o k e  ( m.m.) 1 3 6 . 0 0 .
compr ess or  s c a l e  f a c t o r  1 . 18
c o o l e r  e f f e c t i v e n e s s  0 . 8 6 5 3
t u r b i n e  f l ow l o s s  f a c t o r  0 . 8 0 0 0
out put  s h a f t  ge ar  r a t i o 1 . 4 4 50   
(
e n g i n e  s p e e d ( r . p . m )  
bo os t  p r e s s u r e  r a t i o  
d e l i v e r e d  a i r  to  fue l  r a t i o  
d e l i  very rat  i o 
mani f o l d  temp 
e n g i ne  power 
e n g i n e  t orque  
b . m . e . p  
s . f  . c .
b . the rma l  e f f .  
f ue l  /  rev ( kg.
max c yl  p r e s s u r e  ( bar  
exhaus t  t e m p e re t ur e ( d eg  
mass f low (kg/ mi n)  
p e r c e n t a g e  heat  t o  c o o l a n t
deg k) 
k w. ) 
n.m.  ) )  
C bar ) 
( kg/kw hr )
) 




























































































9 7 5 . 00
1.801
3 9 . 8 8 9
0 . 85 4
3 1 5 . 5 28
6 0 . 0 2
5 8 8 . 4 2
7 . 3721
0 . 2 0 6
0 . 4 0 3 9
2 . 1 1 8
7 8 . 1 5
6 8 8 . 0 5
8 . 2 3 9



























































































13 60 . 00  
1 . 374  
38. ,948 
0 . 8 5 2  
3 1 5 . 7 0 0  
5 9 . 9 8  
4 2 1 . 8 4  
5 . 2 8 1 8  
0 . 2 2 5  
0 . 3 7 0 4  
1 . 6 5 5  
6 0 . 5 2  
7 0 9 . 2 5  
8 . 7 6 7  
18 . 71
compressor  spee d ( r . p . m . ) 6 4 3 0 . 6 4 8 5 4 . 8 3 6 1 3 . 3 2 3 7 1 . 8 5 8 5 1 . 6 4 6 5 7 . 9 3 6 0 7 . 4 2 4 1 3 . 6
compressor  p r e s s u r e  r a t i o 4 . 4 27 3 . 6 5 9 2 . 8 8 1 1 . 9 55 3 . 5 0 3 2 . 9 6 9 2 . 3 4 7 1 . 5 5 6
mass f low (kg/ mi n) 26 . 69 7 1 9 . 9 86 14 .5 42 8 . 8 9 3 2 5 . 2 5 0 1 9. 8 76 1 5 . 13 8 9 . 3 5 5 «
compressor  power ( kw. ) 112 . 38 7 2 . 0 3 3 9 . 8 0 14 . 66 83 . 01 5 3 . 3 8 2 9 .4 1 1 0 . 56
compressor  t orque  (n.m) 166 . 82 1 4 1 . 63 1 05 .14 5 9 . 0 1 1 35 .40 1 09 .38 7 7 .8 1 4 1 . 7 7
d e l i v e r y  te mper at ur e  (deg k) 5 6 2 . 0 8 5 2 6 . 8 9 4 7 6 . 1 0 4 1 1 . 7 9 5 0 8 . 4 0 4 7 3 . 0 7 4 2 9 . 2 1 3 8 0 . 8 6 (
compressor  e f f i c i e n c y 0 . 6 59 0 . 6 5 2 0 . 6 7 7 0 . 6 7 2 0 . 6 87 0 . 7 1 2 0 . 7 4 6 0 . 6 2 6
t u r b i n e  sp ee d ( r . p . m ) 5 2 67 5 .9 4 8 0 6 5 . 5 4 1 2 0 3 . 8 2 7 9 8 4 . 3 4 9 2 9 3 . 6 4 4 7 6 9 . 9 3 6 9 3 4 . 9 1 98 25 . 1 V
t u r b i n e  p r e s s u r e  r a t i o 4 . 3 2 2 3 . 5 5 4 2 . 7 7 7 1. 851 3 . 3 9 9 2 . 8 6 5 2 . 2 4 3 1 . 4 5 2
mass f low (kg/ mi n) 2 7 . 4 9 9 2 0 . 5 6 6 15 . 355 9 . 10 1 2 6 . 0 5 7 2 0 . 4 8 9 1 5 . 5 58 9 . 5 8 3
t u r b i n e  power (kw) 105 . 29 6 3 . 11 3 4 . 3 7 9 . 8 2 8 5 . 7 3 5 4 . 4 6 2 7 . 9 8 4 . 9 3 4
t u r b i n e  t or que  (n.m) 19 . 08 1 2 . 5 3 7 . 9 6 3 . 3 5 16 . 60 11 . 61 7 . 2 3 2 . 3 8
i n l e t  te mper at ur e  (deg k) 8 85 .99 8 2 4 . 6 0 7 5 7 . 4 4 6 6 9 . 34 9 0 0 . 1 7 8 5 5 . 8 0 7 8 1 . 4 0 6 9 0 . 3 8
t u r b i n e  n o z z l e  a ng le 5 . 8 1 9 5 . 1 5 5 4 . 8 0 2 4 . 5 5 5 7 . 1 7 9 6 . 6 0 6 6 . 4 0 8 8 . 5 1 2
t u r b i n e  e f f i c i e n c y 0 . 7 56 0 . 7 4 5 0 . 7 35 0 . 72 1 0 . 7 55 0 . 7 4 6 0 . 7 3 7 0 . 7 3 2
out put  s h a f t  speed (rpm) 1050. 00 1 0 50 . 00 10 50 . 00 10 50 .00 16 00 .00 1 6 00 .0 0 1 6 0 0 . 0 0 1 6 00 . 0 0
o ut put  s h a f t  power (kw) 2 1 7 . 9 2 1 6 0 . 32 1 0 7 . 0 7 5 0 . 6 4 2 2 7 . 8 3 16 9 .7 2 1 1 0 . 2 3 4 8 . 8 9 <
out put  s h a f t  t orque  ( n. / m) 1981 . 02 1 4 57 . 4 4 9 7 3 . 3 4 4 6 0 . 3 4 13 59 .20 10 12 .50 6 5 7 . 6 0 2 9 1 . 6 8
out put  s h a f t  s f c  ( kg /kw .h r) 0 . 220 0 . 2 1 7 0 . 2 1 9 0 . 2 4 5 0 . 2 1 2 0 . 2 1 6 0 . 2 2 7 0 . 2 7 6
out put  thermal  e f f i c i e n c y 0 .3 7 83 0 .38 51 0 . 38 0 0 0 . 3 4 0 8 0 . 3 93 4 0 . 3 8 6 4 0 .3 6 71 0 . 3 0 1 9 I
e n g i n e  f ue l  f low ( kg/min) 0 . 801 0 . 5 7 9 0 . 3 9 2 0 . 2 0 7 0 . 8 0 5 0. 61 1 0 . 4 1 7 0 . 2 2 5
dynamic i n j e c t i o n ( d e g r e e  ca) 3 6 1 . 8 3 3 9 . 9 3 4 2 . 9 3 4 5 . 9 3 3 8 . 6 3 4 0 . 5 3 4 2 . 7 3 4 5 . 2
d u r a t i o n  o f  i n j e c t i o n 2 9 . 7 2 4 . 4 18 .8 1 3 . 9 2 6 . 4 22 .1 1 7 . 6 1 3 . 2 i
t u r b i n e  g ea r  r a t i o 5 0 . 2 4 5 . 8 3 9 . 2 2 6 . 7 3 0 . 8 2 8 . 0 2 3 . 1 1 2 .4
p r e s s u r e  l o s s  in p i p e  a (bar) 0 . 10345 0 . 1 0 3 4 5 0 . 10 3 4 5 0 . 10 3 45 0 . 1 0 34 5 0 .1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  in p i p e  b (bar) 0 . 103 45 0 . 1 0 3 4 5 0 . 10 3 45 0 . 1 0 3 45 0 . 1 0 34 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 C
p r e s s u r e  l o s s  in p i p e  c (bar) 0 . 10345 0 .1 0 3 4 5 0 . 1 03 4 5 0 . 10 3 45 0 . 1 0 34 5 0 .1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  in p i p e  d (bar) 0 . 10 345 0 . 1 0 3 4 5 0 . 10 3 4 5 0 . 10 3 4 5 0 . 1 0 34 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
4.
T a b l e - 4 . 4 b
*b£.£lb H QdnJT
c u m m i n s  l i o d c c
number  o f  c y l i n d e r s  6 . 0
c o n - r o d  l e n g t h  ( m . m . )  2 1 7 . 7 8
a m b i e n t  t e m p e r a t u r e  ( deg k ) 3 1 3 . 3
c o m p r e s s i o n  r a t i o  1 6 . 3 0
  c o m p r e s s o r  g e a r  r a t i o
b o r e  ( m . m . )
i n l e t  v a l v e  c l o s i n g  ( d e g s  ) 
a m b i e n t  p r e s s u r e  ( b a r  ) 
e n g i n e  d i a g r a m  f a c t o r
9 . 5 5 0 0
1 2 5 . 0 3
1 9 3 . 0
0 . 9 9
0 . 9 0 9 9
39  32  2a  2a
s t r o k e  ( m . m . )  1 3 6 . 0 0
c o m p r e s s o r  s c a l e  f a c t o r  1 . 1 8
c o o l e r  e f f e c t i v e n e s s  0 . 8 2 1 0
t u r b i n e  f l o w  l o s s  f a c t o r  0 . 8 0 0 0
e n g i n e  s p e e d C r . p  
b o o s t  p r e s s u r e  
d e l i  v e r e d  a i r  t o  
d e l i v e r y  r a t i o  
m a n i f o l d  t emp  
e n g i n e  po we r  
e n g i n e  t o r q u e  
b . m . e . p
s . f . c .  (
b . t h e r m a l  e f f .  
f u e l  /  r e v  
max c y l  p r e s s u r e  
e x h a u s t  t e m p e r a t  
mass f l o w  ( k g / m  
p e r c e n t a g e  h e a t
.«) 
r a t  i o 
f u e l  r a t i o
( deg  k )
( k w.  ) 
( n . m .  ) )  
( b a r  ) 
k g / k w  h r  )
( k g .  ) 
( b a r  . )  
u r e ( deg k )
i n )



































3 3 4 .
180,












8 5 2  
3 99  
08  
28  
8 8 2 6  
2 08  










3 2 4 ,
1 2 0 .
























o u t p u t  s h a f t  g e a r  r a t i o 1 . 4 4 5 0   




3 1 5 ,
5 9 ,
















5 5 7 6
2 40










3 4 2 ,
2 3 9 .
















5 5 6 2
210




























6 9 6 6
214






















. 6 7 1
. 1 2 9
. 8 5 1
. 6 3 1
. 9 2
. 1 0
. 5 9 8 9
. 2 2 3
. 3 7 3 6
. 3 6 1
. 2 7
. 7 0
. 3 3 7
.11
1 8 0 3 . 0 0
1 . 2 3 1
3 5 . 7 8 0
0 . 8 5 0
3 1 7 . 2 8 8
7 1 . 4 1
3 7 9 . 2 6
4 . 7 4 3 5
0 . 2 4 2
0 . 3 4 5 1
1 . 5 9 6
5 4 . 4 3
7 6 7 . 3 4
1 0 . 2 9 3
1 7 . 0 3
c o m p r e s s o r  s p e e d  ( r . p . m . ) 5 7 3 1 . 2 4 7 7 6 . 2 3 5 8 2 . 4 2 4 8 4 . 2 5 7 0 6 . 2 4 7 0 3 . 5 3 5 0 9 . 7 2 6 7 8 . 9
c o m p r e s s o r  p r e s s u r e  r a t i o 3 . 1 6 3 2 . 6 8 6 2 . 0 9 3 1 . 4 3 6 2 . 9 2 5 2 . 4 5 5 1 . 9 0 4 1 . 4 4 8
mass f l o w  ( k g / m i n ) 2 5 . 2 0 9 2 0 . 8 1 6 1 5 . 2 3 5 9 . 8 6 2 2 5 . 4 1 9 2 0 . 7 5 4 1 5 . 0 2 4 1 0 . 9 2 0
c o m p r e s s o r  p o w e r  ( k w.  ) 7 3 . 2 4 4 8 . 0 0 2 5 . 6 2 9 . 3 7 6 5 . 6 3 4 2 . 4 7 2 2 . 4 7 1 0 . 5 4
c o m p r e s s o r  t o r q u e  ( n . m ) 1 2 1 . 9 8 9 5 . 9 2 6 8 . 2 6 3 6 . 0 0 1 0 9 . 7 9 8 6 . 1 9 6 1 . 1 0 3 7 . 5 6
d e l i v e r y  t e m p e r a t u r e  ( d e g  k ) 4 8 6 . 0 0 4 5 0 . 6 9 4 1 3 . 7 3 3 7 0 . 1 8 4 6 6 . 9 9 4 3 5 . 3 6 4 0 2 . 6 7 3 7 1 . 0 9
c o m p r e s s o r  e f f i c i e n c y 0 . 7 0 3 0 . 7 4 2 0 . 7 3 3 0 . 6 0 1 0 . 7 2 9 0 . 7 5 0 0 . 7 0 9 0 . 6 0 6
t u r b i n e  s p e e d  ( r . p . u ) 4 7 7 2 7 . 4 4 2 6 2 1 . 4 3 3 7 1 5 . 5 1 4 6 1 2 . 9 4 6 4 2 0 . 4 4 0 4 5 9 . 5 3 1 1 9 7 . 8 1 5 7 9 1 . 2
t u r b i n e  p r e s s u r e  r a t i o 3 . 0 5 9 2 . 5 8 2 1 . 9 8 9 1 . 3 3 1 2 . 8 2 0 2 . 3 5 1 1 . 8 0 0 1 . 3 4 4
mass f l o w  ( k g / m i n ) 2 6 . 0 3 6 2 1 . 4 4 6 1 5 . 6 7 1 1 0 . 1 0 6 2 6 . 2 6 6 2 1 . 4 0 3 1 5 . 4 7 6 1 1 . 2 1 2
t u r b i n e  p o w e r  ( k w ) 8 0 . 0 2 5 1 . 1 6 2 3 . 9 2 2 . 9 1 7 5 . 8 0 4 6 . 7 2 2 0 . 0 0 3 . 7 6
t u r b i n e  t o r q u e  ( n . m ) 1 6 . 0 0 1 1 . 4 6 6 . 7 7 1 . 9 0 1 5 . 5 9 1 1 . 0 2 6 . 1 2 2 . 2 7
i n l e t  t e m p e r a t u r e  ( d e g  k ) 9 1 7 . 2 1 8 5 3 . 6 0 8 0 0 . 3 3 7 0 3 . 4 8 9 2 8 . 2 2 8 7 2 . 9 4 8 2 5 . 7 8 7 4 6 . 8 3
t u r b i n e  n o z z l e  a n g l e 8 . 1 1 5 7 . 7 8 2 7 . 7 4 1 1 3 . 0 8 2 9 . 0 0 7 8 . 8 1 4 9 . 1 7 3 1 4 . 2 9 2
t u r b i n e  e f f i c i e n c y 0 . 7 5 6 0 . 7 4 9 0 . 7 4 0 0 . 7 4 5 0 . 7 5 7 0 . 7 5 0 0 . 7 4 2 0 . 7 4 8
o u t p u t  s h a f t  s p e e d  ( r p m ) 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( k w ) 2 3 1 . 9 3 1 7 1 . 3 0 1 0 9 . 5 9 4 7 . 5 4 2 3 4 . 7 4 1 7 1 . 9 9 1 0 8 . 4 9 5 7 . 7 5
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 1 6 5 . 1 6 8 6 0 . 6 0 5 5 0 . 5 4 2 3 8 . 8 3 1 0 1 8 . 5 0 7 4 6 . 2 1 4 7 0 . 7 0 2 5 0 . 5 8
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 1 3 0 . 2 1 9 0 . 2 3 7 0 . 3 0 3 0 . 2 1 5 0 . 2 2 4 0 . 2 4 7 0 . 2 9 9
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 9 1 7 0 . 3 8 1 3 0 . 3 5 2 6 0 . 2 7 5 2 0 . 3 8 7 8 0 . 3 7 2 5 0 . 3 3 8 0 0 . 2 7 9 1
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 8 2 3 0 . 6 2 4 0 . 4 3 2 0 . 2 4 0 0 . 8 4 1 0 . 6 4 2 0 . 4 4 6 0 . 2 8 8
d y n a m i c  1n j e c t 1o n ( d e g r e e  c a ) 3 3 9 . 7 3 4 1 . 5 3 4 3 . 0 3 4 4 . 6 3 4 1 . 1 3 4 2 . 5 3 4 3 . 6 3 4 4 . 6
d u r a t i o n  o f  i n j e c t i o n 2 5 . 3 2 1 . 1 1 7 . 5 1 3 . 8 2 4 . 6 2 1 . 1 1 7 . 5 1 4 . 8
t u r b i n e  g e a r  r a t i o 2 5 . 1 2 2 . 4 1 7 . 7 7 . 7 2 1 . 1 1 8 . 4 1 4 . 2 7 . 2
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
T a b l e - 4 . 4 c
T a b l e - 4 . 5  New map, o p t .  s p e e d ,  redu ce d  Pa,  e l e v a t e d  Ta
CUMHINS L 10 D C E St a u .  0c*fvjr
number o f  c y l i n d e r s  6 . 0
c o n - r o d  l e n g t h  ( m . m . )  2 1 7 . 7 8
ambient  t e m p e r a t u r e  ( dec k ) 3 1 3 . 3
compress ion r a t i o 16 .30
- - - - -  compressor  gear  r a t i o
bo re ( i.)
i n l e t  v a l v e  c l o s i n g  ( degs )
ambient  p r e s s u r e ( b a r  )
e n g i n e  d i agr am f a c t o r  
9 . 5 5 0 0
1 2 5 . 0 3
1 9 3 . 0
0 . 8 0
0 . 9 0 8 7
3 2 18 39 20
s t r o k e  ( m . m. )  1 3 6 .
compressor  s c a l e  f a c t o r  1 .1
c o o l e r  e f f e c t i v e n e s s  0 .
t u r b i n e  f l o w  lo s s  f a c t o r  0 .
o u t p u t  s h a f t  g e a r  r a t i o 1 . 0 0 5 0  ----------
e ng i ne  s p e e d ( r . p . m ) 13 20 .00 1 1 9 0 . 0 0 1 0 2 0 . 0 0 7 3 0 . 0 0 1 3 5 0 . 0 0 1 2 1 0 . 0 0 9 0 0 . 0 0 7 0 0 . 0 0
boost  p r e s s u r e  r a t i o 0 . 9 7 6 0 . 1 8 8 3 . 2 0 1 2 . 0 8 5 0 . 8 6 0 0 . 1 1 9 3 . 6 0 6 2 . 0 6 8
d e l i v e r e d  a i r  t o  f u e l  r a t i o 2 9 .0 01 3 1 . 9 5 5 3 2 . 3 1 0 3 5 . 5 9 1 2 9 . 3 6 2 3 1 . 9 0 8 3 3 . 3 8 3 3 5 . 7 9 9
d e l i  ve r y  r a t  io 0 .8 5 0 0 . 8 5 0 0 . 8 5 0 0 . 8 5 0 0 . 8 5 0 0 . 8 5 0 0 . 8 5 0 0 . 8 5 0
m a n i f o l d  temp ( deg k) 3 5 0 . 0 5 3 3 3 9 . 1 1 7 3 2 6 . 8 0 8 3 1 5 . 0 2 3 3 5 0 . 0 2 6 3 3 9 . 3 8 3 3 2 8 . 2 0 0 3 1 5 . 6 3 5
e n gi ne  power  ( k w. ) 2 0 0 . 1 3 1 7 9 . 7 6 1 2 0 . 0 9 5 9 . 9 7 2 3 9 . 9 9 1 7 9 . 7 0 1 2 0 . 1 2 5 9 . 9 7
e n gi ne  t o r q u e  ( n . m.  ) ) 1738.51 1 0 0 6 . 3 2 1 1 2 0 . 9 2 7 8 5 . 9 0 1 6 99 . 8 7 10 2 2 . 0 1 1 2 2 0 . 6 5 7 7 5 . 2 8
b . m . e . p  ( b a r  ) 2 1 .7 8 6 2 1 8 . 0 9 0 9 1 0 . 1 0 0 3 9 . 8 3 7 8 2 1 . 2 9 0 1 1 7 . 7 8 9 8 1 5 . 3 0 0 3 9 . 7 0 5 0
s . f . c .  ( kg/kw hr  ) 0 .201 0 . 1 9 3 0 . 1 9 7 0 . 2 0 0 0 . 2 0 1 0 . 1 9 3 0 . 1 9 0 0 . 2 0 0
b . t h e r m a l  e f f . 0 . 0 15 0 0 . 0 3 2 0 0 . 0 2 2 9 0 . 0 0 9 2 0 . 0 1 5 1 0 . 0 3 1 1 0 . 0 2 9 1 0 . 0 0 9 1
f u e l  /  r ev  ( kg .  ) 6 . 0 8 8 0 . 8 6 1 3 . 8 7 0 2 . 7 9 1 5 . 9 5 3 0 . 7 9 0 0 . 1 0 0 2 . 7 5 3
max c y l  p r e s s u r e  ( ba r  . ) 158 .00 1 5 6 . 2 5 1 2 2 . 2 9 9 2 . 8 6 1 5 6 . 6 0 1 5 0 . 0 7 1 3 0 . 6 6 9 2 . 1 0
exhaust  t e m p e r a t u r e ( d e g  k ) 9 3 9 . 0 8 8 5 0 . 7 6 8 1 3 . 6 6 7 2 0 . 7 7 9 3 8 . 8 2 8 5 1 . 6 0 7 9 8 . 2 6 7 1 9 . 1 2
mass f lo w ( k g / m i n ) 2 3 . 6 2 6 1 8 . 0 8 0 1 2 . 7 5 5 7 . 2 5 0 2 3 . 5 9 6 1 8 . 5 1 7 1 2 . 9 9 2 7 . 2 9 0
p e r c e n t a g e  heat  t o  c o o l a n t 1 0 .8 5 1 2 . 01 1 5 . 1 9 2 0 . 9 3 1 0 . 8 6 1 2 . 0 0 1 5 . 0 8 2 0 . 8 7
compressor  speed ( r . p . m . ) 9 6 9 8 . 0 8 0 5 6 . 5 6 8 3 3 . 0 0 0 6 3 . 5 9 5 8 8 . 0 8 2 5 1 . 0 5 6 7 2 . 5 3 7 6 2 . 5
compressor  p r e s s u r e  r a t i o 5 . 2 1 0 0 . 0 0 3 3 . 0 3 0 2 . 6 0 7 5 . 1 0 1 0 . 3 3 7 3 . 7 9 3 2 . 6 3 1
mass f lo w ( k g / m i n ) 3 8 . 1 80 3 2 . 0 2 7 2 6 . 0 6 2 1 0 . 6 1 2 3 7 . 6 8 8 3 1 . 0 9 3 2 0 . 2 6 8 1 3 . 2 9 5
compressor  power ( kw. ) 17 9 . 80 1 30 .2 1 8 1 . 6 5 3 3 . 7 3 1 7 3 . 8 3 1 2 0 . 9 3 7 3 . 6 3 3 0 . 7 9
compressor  t o r q u e  (n .m) 177 .01 1 0 6 . 9 8 1 1 0 . 0 6 7 9 . 2 2 1 7 3 . 0 5 1 0 0 . 5 3 1 2 3 . 9 1 7 8 . 1 0
d e l i v e r y  t e m p e r a t u r e  (deg k) 5 9 1 . 0 0 5 5 0 . 8 3 0 9 9 . 3 6 0 5 0 . 8 3 5 8 5 . 3 5 5 0 8 . 0 1 5 2 8 . 5 8 0 5 1 . 2 7
compressor  e f f i c i e n c y 0 . 6 6 9 0 . 6 8 8 0 . 7 0 7 0 . 7 2 9 0 . 6 7 3 0 . 6 8 8 0 . 6 6 9 0 . 7 2 2
t u r b i n e  speed ( r . p . m ) 5 2 5 3 3 . 5 0 8 0 8 5 . 1 0 1 5 8 3 . 7 3 0 2 9 8 . 0 5 2 3 6 8 . 6 0 8 0 1 9 . 5 0 0 9 5 1 . 3 3 0 3 8 1 . 0
t u r b i n e  p r e s s u r e  r a t i o 5 . 0 8 7 0 . 2 8 1 3 . 3 1 2 2 . 5 2 5 0 . 9 7 9 0 . 2 1 0 3 . 6 7 0 2 . 5 0 9
mass f lo w  ( k g / s i n ) 3 8 . 98 7 3 3 . 0 0 8 2 6 . 0 5 9 1 0 . 8 1 7 3 8 . 0 9 6 3 2 . 0 7 6 2 0 . 6 5 8 1 3 . 5 0 0
t u r b i n e  power  (kw) 15 3 . 10 1 0 3 . 0 6 6 1 . 6 0 2 2 . 8 7 1 0 9 . 0 7 1 0 0 . 1 2 5 5 . 2 5 2 1 . 0 8
t u r b i n e  t o r q u e  ( n . m) 2 7 . 8 2 2 0 . 5 0 1 0 . 1 5 6 . 3 6 2 7 . 2 0 1 9 . 7 0 1 1 . 7 3 5 . 8 5
i n l e t  t e m p e r a t u r e  (deg k) 8 1 6 . 20 7 2 9 . 7 7 6 6 1 . 7 5 5 9 1 . 1 7 8 1 6 . 6 2 7 3 0 . 5 1 7 0 7 . 6 9 6 0 0 . 0 6
t u r b i n e  n o z z l e  a n g l e 7 . 9 0 6 7 . 5 7 7 7 . 6 0 0 5 . 0 5 2 7 . 9 8 7 7 . 5 1 1 5 . 0 9 0 5 . 0 5 9
t u r b i n e  e f f i c i e n c y 0 . 7 7 0 0 . 7 6 6 0 . 7 5 7 0 . 7 3 6 0 . 7 7 3 0 . 7 6 5 0 . 7 0 9 0 . 7 3 3
o u t p u t  s h a f t  speed (rpm) 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0
o u t p u t  s h a f t  power  (kw) 1 9 5 . 89 1 0 0 . 50 9 1 . 5 5 0 0 . 8 5 1 9 8 . 0 0 1 0 2 . 6 0 9 3 . 6 6 0 6 . 0 2
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 0 2 09 . 51 3 0 0 8 . 7 5 1 9 8 6 . 0 6 9 7 3 . 0 5 3 7 8 7 . 5 5 2 7 2 2 . 2 6 1 7 8 7 . 9 5 8 7 8 . 5 6
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 0 6 0 . 2 0 7 0 . 2 5 9 0 . 2 7 3 0 . 2 0 3 0 . 2 0 0 0 . 2 0 9 0 . 2 6 6
o u t p u t  t h e rm al  e f f i c i e n c y 0 . 3 3 8 8 0 . 3 3 7 7 0 . 3 2 2 0 0 . 3 0 6 1 0 . 3 0 3 2 0 . 3 0 2 0 0 . 3 3 0 5 0 . 3 1 0 0
e n gi n e  f u e l  f l o w  ( k g / m i n ) 0 . 8 0 0 0 . 5 7 8 0 . 3 9 5 0 . 2 0 0 0 . 8 0 0 0 . 5 8 0 0 . 3 8 9 0 . 2 0 0
dynamic i n J e c t < o n ( d e g r e e  ca ) 3 6 1 . 5 3 3 9 . 7 3 0 2 . 5 3 0 5 . 6 3 5 6 . 6 3 3 9 . 8 3 0 2 . 1 3 0 5 . 6
d u r a t i o n  o f  i n j e c t i o n 3 0 . 9 2 5 . 0 2 0 . 0 1 5 . 0 3 0 . 5 2 0 . 8 2 1 . 0 1 5 . 0
t u r b i n e  g e a r  r a t i o 11 9.0 1 0 9 . 3 9 0 . 5 7 8 . 0 1 0 0 . 7 9 6 . 8 8 9 . 9 6 8 . 8
p r e s s u r e  lo s s  i n  p i p e  a ( b a r ) 0 .1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5
p r e s s u r e  l o s s  in  p i p e  b ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5
p r e s s u r e  lo ss  i n  p i p e  c ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5





T a b l e - 4 , 5 a
CUMMINS L10 D C C 3 0  2 6  2 8  24
number  o f  c y l i n d e r *  6 . 0
c o n - r o d  l e n g t h  ( m . m . )  2 1 7 . 7 8
a u b i e n t  t e m p e r a t u r e  ( deg k ) 3 1 3 . 3
c o m p r e s s i o n  r a t i o  1 6 . 3 0
. . . . .  c o m p r e s s o r  g e a r  r a t i o
b o r e  ( m . m . )
i n l e t  v a l v e  c l o s i n g  ( d e g *  )  
a m b i e n t  p r e s s u r e  ( b a r  ) 
e n g i n e  d i a g r a m  f a c t o r  
9 . 5 5 0 0
1 2 5 . 0 3  s t r o k e  ( a . m . )  1 3 6 . 0 0
1 9 3 . 0  c o m p r e s s o r  s c a l e  f a c t o r  1 .  i'8
0 . 8 4  c o o l e r  e f f e c t i v e n e s s  0 . 8 6 3 5
0 . 9 2 6 3  t u r b i n e  f l o w  l o s s  f a c t o r  0 . 8 0 0 0
o u t p u t  s h a f t  g e a r  r a t i o  1 . 4 4 5 0
e n g i n e  s p e e d ( r . p . m ) 1 4 7 5 . 0 0 1 3 0 5 . 0 0 1 1 4 0 . 0 0 1 0 0 0 . 0 0 1 8 0 5 . 0 0 1 6 5 5 . 0 0 1 5 2 5 . 0 0 1 3 7 5 . 0 0
b o o s t  p r e s s u r e  r a t i o 4 . 6 2 3 3 . 8 3 6 2 . 9 4 0 1 . 9 8 0 3 . 6 3 5 2 . 9 6 8 2 . 3 2 7 1 . 4 7 3
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 0 . 1 1 4 3 1 . 0 8 6 3 1 . 8 5 4 3 7 . 3 1 2 2 8 . 5 8 8 2 9 . 0 1 3 3 1 . 7 1 7 3 4 . 5 4 5
d e l i  v e r y  r a t  i o 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 3 0 . 8 5 3 0 . 8 5 2 0 . 8 5 2 0 . 8 5 2
a a n i f o l d  temp ( deg k) 3 5 5 . 2 5 2 3 4 2 . 6 9 2 3 2 9 . 4 2 6 3 1 7 . 1 2 8 3 5 2 . 0 1 8 3 4 0 . 3 3 4 3 2 8 . 4 2 7 3 1 7 . 2 3 3
e n g i n e  p o w e r  C k w.  ) 2 3 9 . 9 2 1 8 0 . 1 9 1 2 0 . 0 7 5 9 . 9 8 2 4 0 . 0 7 1 8 0 . 0 1 1 1 9 . 9 9 5 9 . 8 8
e n g i n e  t o r q u e  ( n . a .  ) ) 1 5 5 5 . 8 1 1 3 1 8 . 8 7 1 0 0 6 . 5 0 5 7 3 . 7 1 1 2 7 1 . 3 7 1 0 3 9 . 9 5 7 5 2 . 4 0 4 1 7 . 2 4
b . a . e . p  ( b a r  ) 1 9 . 4 7 9 9 1 6 . 5 3 6 1 1 2 . 6 1 3 3 7 . 1 8 2 8 1 5 . 9 2 8 7 1 3 . 0 2 5 9 9 . 4 2 3 3 5 . 2 1 5 8
s . f . c .  ( k g / k w  h r  ) 0 . 2 0 1 0 . 1 9 7 0 . 2 0 1 0 . 2 1 1 0 . 2 0 5 0 . 2 0 8 0 . 2 1 4 0 . 2 3 2
b . t h e r m a l  o f f . 0 . 4 1 5 6 0 . 4 2 4 2 0 . 4 1 5 7 0 . 3 9 6 1 0 . 4 0 7 6 0 . 4 0 0 5 0 . 3 9 0 0 0 . 3 5 9 0
f u e l  /  r e v  ( k g .  ) 5 . 4 4 1 4 . 5 2 5 3 . 5 2 2 2 . 1 0 5 4 . 5 3 5 3 . 7 7 5 2 . 8 0 4 1 . 6 8 6
max c y l  p r e s s u r e  ( b a r  . ) 1 5 7 . 4 7 1 4 3 . 4 9 1 1 0 . 8 3 7 3 . 5 8 1 3 6 . 4 2 1 1 3 . 0 5 8 8 . 6 3 5 5 . 8 7
e x h a u s t  t e a p e r a t u r e ( d e g  k ) 9 2 5 . 2 6 8 7 0 . 3 2 8 2 5 . 2 6 7 1 3 . 3 1 9 4 9 . 6 0 9 1 6 . 0 5 8 4 0 . 4 2 7 5 5 . 8 2
a a s s  f l o w  ( k g / m i n ) 2 4 . 1 6 7 1 8 . 3 5 7 1 2 . 7 9 0 7 . 8 5 4 2 3 . 4 0 4 1 8 . 1 2 7 1 3 . 5 6 5 8 . 0 0 9
p e r c e n t a g e  h e a t  t o  c o o l a n t 1 0 . 8 0 1 2 . 5 1 1 5 . 2 3 2 0 . 0 3 1 0 . 9 2 1 2 . 5 2 1 4 . 6 7 1 9 . 7 8
c o m p r e s s o r  s p e e d  ( r . p . m . ) 7 1 4 6 . 8 5 5 2 3 . 3 3 9 4 7 . 6 2 6 1 0 . 6 6 6 6 3 . 4 5 2 3 0 . 9 3 9 8 9 . 4 2 5 5 6 . 9
c o m p r e s s o r  p r e s s u r e  r a t i o 4 . 8 7 5 4 . 0 6 4 3 . 1 4 6 2 . 1 6 4 3 . 9 2 1 3 . 2 3 1 2 . 5 6 8 1 . 6 8 8
mass f l o w  ( k g / m i n ) 2 5 . 3 7 3 1 9 . 2 6 1 1 3 . 5 9 0 8 . 5 1 1 2 4 . 5 3 7 1 9 . 1 1 9 1 4 . 3 6 9 8 . 5 3 7
c o m p r e s s o r  p o w e r  ( kw.  ) 1 1 8 . 5 0 7 7 . 5 4 4 2 . 1 2 1 5 . 7 3 9 0 . 1 1 5 7 . 7 4 3 1 . 6 6 1 1 . 1 1
c o m p r e s s o r  t o r c u e  ( n . m ) 1 5 8 . 2 7 1 3 4 . 0 0 1 0 1 . 8 4 5 7 . 5 3 1 2 9 . 0 8 1 0 5 . 3 7 7 5 . 7 5 41 . 4 6
d e l i v e r y  t e m p e r a t u r e  ( d e g  k) 5 8 8 . 6 9 5 5 1 . 4 2 4 9 7 . 3 7 4 2 3 . 6 4 5 3 0 . 8 7 4 9 2 . 7 4 4 4 4 . 6 4 3 9 1 . 1 0
c o m p r e s s o r  e f f i c i e n c y 0 . 6 4 1 0 . 6 4 1 0 . 6 5 6 0 . 7 0 0 0 . 6 8 1 0 . 6 9 1 0 . 7 3 6 0 . 6 5 1
t u r b i n e  s pe ed  ( r . p . m ) 5 4 8 9 4 . 0 5 0 9 8 2 . 5 4 4 2 1 0 . 8 3 0 8 1 1 . 5 5 2 5 1 0 . 1 4 6 9 1 7 . 1 3 9 5 2 1 . 8 2 3 0 9 9 . 7
t u r b i n e  p r e s s u r e  r a t i o 4 . 7 5 2 3 . 9 4 1 3 . 0 2 3 2 . 0 4 1 3 . 7 9 8 3 . 1 0 9 2 . 4 4 5 1 . 5 6 6
mass f l o w  ( k g / e i n ) 2 6 . 1 7 7 1 9 . 8 5 3 1 3 . 9 9 2 8 . 7 2 3 2 5 . 3 5 8 1 9 . 7 4 6 1 4 . 8 0 0 8 . 7 7 1
t u r b i n e  p o we r  ( k w ) 1 0 9 . 3 1 6 8 . 2 3 3 6 . 0 3 1 1 . 4 1 9 4 . 0 1 5 9 . 1 4 3 0 . 9 1 6 . 0 9
t u r b i n e  t o r q u e  ( n . m ) 1 9 . 0 1 1 2 . 7 7 7 . 7 8 3 . 5 4 1 7 . 0 9 1 2 . 0 3 7 . 4 7 2 . 5 2
i n l e t  t e m p e r a t u r e  ( d e g  k ) 9 1 0 . 9 7 8 5 6 . 9 0 8 0 7 . 9 1 6 9 2 . 8 4 9 3 2 . 5 5 8 9 6 . 6 5 8 2 0 . 6 5 7 3 5 . 4 7
t u r b i n e  n o z z l e  a n g l e 6 . 0 3 6 5 . 4 0 7 4 . 9 1 9 4 . 6 1 5 7 . 5 1 9 7 . 1 1 9 6 . 7 1 6 8 . 1 5 3
t u r b i n e  e f f i c i e n c y 0 . 7 6 0 0 . 7 5 0 0 . 7 3 7 0 . 7 2 4 0 . 7 6 0 0 . 7 5 1 0 . 7 4 1 0 . 7 3 2
o u t p u t  s h a f t  s p e e d  ( r p m) 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( kw) 2 1 5 . 4 4 1 5 9 . 5 2 1 0 6 . 2 4 5 1 . 0 3 2 2 8 . 4 0 1 6 9 . 6 2 1 1 0 . 6 6 4 9 . 4 5
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 9 5 8 . 4 9 1 4 5 0 . 1 2 9 6 5 . 7 6 4 6 3 . 8 6 1 3 6 2 . 5 6 1 0 1 1 . 9 5 6 6 0 . 1 7 2 9 5 . 0 0
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 2 4 0 . 2 2 2 0 . 2 2 7 0 . 2 4 8 0 . 2 1 5 0 . 2 2 1 0 . 2 3 2 0 . 2 8 1
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 7 3 2 0 . 3 7 5 5 0 . 3 6 7 8 0 . 3 3 6 9 0 . 3 8 7 8 0 . 3 7 7 4 0 . 3 5 9 7 0 . 2 9 6 5
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 8 0 3 0 . 5 9 1 0 . 4 0 2 0 . 2 1 1 0 . 8 1 9 0 . 6 2 5 0 . 4 2 8 0 . 2 3 2
dy n a m i c  i n j e c t <o n ( d e g r e e  c a ) 3 4 7 . 1 3 4 0 . 0 3 4 2 . 9 3 4 5 . 8 3 3 9 . 0 3 4 0 . 6 3 4 2 . 6 3 4 5 . 1
d u r a t i o n  o f  i n j e c t i o n 2 8 . 9 2 4 . 0 1 8 . 8 1 3 . 9 2 6 . 0 2 2 . 1 1 7 . 8 1 3 . 4
t u r b i n e  g e a r  r a t i o 5 2 . 3 4 8 . 6 4 2 . 1 2 9 . 3 3 2 . 8 2 9 . 3 2 4 . 7 1 4 . 4
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5






CUMKINS L10 D C C
number  o f  c y l i n d e r s  6 . 0
c o n - r o d  l e n g t h  ( a . a . )  2 1 7 . 7 8
a m b i e n t  t e m p e r a t u r e  ( deg k ) 3 1 3 . 3
c o m p r e s s i o n  r a t i o  1 6 . 3 0
- - - - -  c o m p r e s s o r  g e a r  r a t i o
e n g i n e  s p e e d ( r . p . m )  1 99 0 ,
b o o s t  p r e s s u r e  r a t i o  3,
d e l i v e r e d  a i r  t o  f u e l  r a t i o  2 7 .
d e l i  v e r y  r a t  i o 0<
m a n i f o l d  temp ( deg k )  3S0 ,
e n g i n e  p o w e r  ( k w.  ) 2 4 0 .
e n g i n e  t o r q u e  ( n . m .  ) )  1 15 3 .
b . a . e . p  ( b a r  ) 14,
s . f . c .  C k g / k w  h r  ) 0.
b . t h e r m a l  e f f .  0.
f u e l  /  r e v  ( k g .  ) 4 ,
max c y l  p r e s s u r e  ( b a r  . )  1 28 ,
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 9 64 ,
mass f l o w  ( k g / a i n )  2 3 ,
p e r c e n t a g e  h e a t  t o  c o o l a n t  10.
b e s t o w  Pc m n pt 34 33 32 24
b o r e  ( m . m . )
i n l e t  v a l v e  c l o s i n g  ( de gs  ) 
a m b i e n t  p r e s s u r e  ( b a r  ) 
e n g i n e  d i a g r a m  f a c t o r  
9 . 5 5 0 0
1 2 5 . 0 3  
1 9 3 . 0  
0 . 8 4  
0 . 9 0 9 5
s t r o k e  ( m . m . )  1 3 6 . 0 0
c o m p r e s s o r  s c a l e  f a c t o r  1 . 1 8
c o o l e r  e f f e c t i v e n e s s  0 . 8 1 9 7
t u r b i n e  f l o w  l o s s  f a c t o r  0 . 8 0 0 0



























1 0 1 .















































c o m p r e s s o r  s p e e d  ( r . p . a . )  6 4 4 7 . 4
c o m p r e s s o r  p r e s s u r e  r a t i o  3 . 5 3 9
a a s s  f l o w  ( k g / a i n )  2 4 . 1 0 5
c o m p r e s s o r  p o w e r  ( k w.  ) 7 8 . 9 9
c o m p r e s s o r  t o r o u e  ( n . m )  1 1 6 . 9 4
d e l i v e r y  t e m p e r a t u r e  ( d e g  k )  5 0 7 . 7 8
c o m p r e s s o r  e f f i c i e n c y  0 . 6 9 6
5 2 0 5 . 9
2 . 9 5 3
1 9 . 3 4 0
5 0 . 9 4
9 3 . 3 9
4 7 0 . 0 3
0 . 7 2 2
3 9 6 4 . 4
2 . 3 2 8
1 4 . 4 9 0
2 7 . 7 1
6 6 . 7 2  
4 2 7 . 4 2
0 . 7 4 9
1 5 8 5 . 0 0
1 . 3 1 0
3 3 . 1 4 6
0 . 8 5 1
3 1 7 . 1 0 8
5 9 . 8 1
3 6 1 . 9 6
4 . 5 1 9 0
0 . 2 4 8
0 . 3 3 6 1
1 . 5 6 1
5 0 . 1 0
7 8 2 . 4 9
8 . 1 9 8
1 9 . 4 9
2 5 7 9 . 7
1 . 5 4 3
8 . 7 3 7
9 . 6 5
3 5 . 7 2
3 7 9 . 4 2
0 . 6 2 7




3 48  
2 40  










. 9 0 4
. 2 3 9
. 8 5 1
. 5 7 6
. 7 9
. 6 7
. 2 2 7 9
. 2 0 8
. 4 0 0 7
. 8 3 2
. 1 4
. 7 4
. 7 5 2
. 0 2
2 0 6 5 .  
2, 
2 8 .  
0. 
3 3 8 ,  
1 79 ,  
















4 2 7 3
2 1 9






















. 8 3 7
. 7 4 0
. 8 5 1
. 4 1 9
. 7 9
. 5 1
. 4 3 3 2
. 2 2 8
. 3 6 5 5
. 3 6 1
. 8 5
. 9 8
. 5 5 0
. 6 3
6 2 7 9 . 2
3 . 2 2 9
2 3 . 8 1 6
7 0 . 1 9
1 0 6 . 6 9
4 8 8 . 4 5
0 . 7 0 8
5 1 8 1 . 0
2 . 7 3 2
1 9 . 4 2 4
4 5 . 6 8
8 4 . 1 6
4 5 3 . 4 1
0 . 7 4 2
3 8 9 1 . 7
2 . 1 1 6
1 4 . 3 4 6
2 4 . 3 3
5 9 . 6 7
4 1 4 . 5 8
0 . 7 3 9
1 8 1 8 . 0 0
1 . 2 9 8
3 1 . 2 9 5
0 . 8 5 0
3 1 8 . 9 7 5
7 1 . 2 5
3 7 6 . 1 3
4 . 6 9 3 6
0 . 2 5 0
0 . 3 3 4 3
1 . 6 3 0
4 9 . 8 0
8 2 6 . 2 5
9 . 2 7 2
1 8 . 1 5
2 8 2 2 . 1
1 . 5 5 5
9 . 8 6 0
1 0 . 9 9
3 7 . 1 6  
3 7 9 . 9 8
0 . 6 3 3
t u r b i n e  s p e e d  ( r . p . m ) 5 1 0 8 4 . 9 4 5 5 3 3 . 5 3 7 1 5 8 . 1 1 7 9 6 8 . 1 4 9 3 4 7 . 3 4 3 9 4 8 . 7 3 4 9 0 5 . 0 1 9 0 2 3 . 8
t u r b i n e  p r e s s u r e  r a t i o 3 . 4 1 7 2 . 8 3 0 2 . 2 0 5 1 . 4 2 1 3 . 1 0 7 2 . 6 0 9 1 . 9 9 4 1 . 4 3 2
a a s s  f l o w  ( k g / a i n ) 2 4 . 9 3 9 1 9 . 9 8 3 1 4 . 9 3 5 8 . 9 8 7 2 4 . 6 5 6 2 0 . 0 8 6 1 4 . 8 0 7 1 0 . 1 6 0
t u r b i n e  p o w e r  ( k w ) 8 6 . 6 9 5 5 . 3 9 2 7 . 5 8 3 . 8 7 7 9 . 2 9 5 2 . 0 1 2 3 . 8 4 4 . 9 2
t u r b i n e  t o r q u e  ( n . a ) 1 6 . 2 0 1 1 . 6 1 7 . 0 9 2 . 0 5 1 5 . 3 4 1 1 . 3 0 6 . 5 2 2 . 4 7
i n l e t  t e m p e r a t u r e  ( d e g  k ) 9 4 7 . 0 3 9 0 6 . 1 0 8 3 5 . 3 7 7 6 0 . 2 4 9 5 0 . 0 2 9 2 2 . 1 8 8 6 2 . 0 0 8 0 2 . 6 3
t u r b i n e  n o z z l e  a n g l e 3 . 3 5 9 8 . 0 3 9 7 . 8 4 6 1 1 . 8 0 1 9 . 1 8 4 8 . 9 7 0 9 . 2 0 9 1 3 . 2 9 2
t u r b i n e  e f f i c i e n c y 0 . 7 6 0 0 . 7 5 2 0 . 7 4 3 0 . 7 4 2 0 . 7 6 0 0 . 7 5 3 0 . 7 4 5 0 . 7 4 7
o u t p u t  s h a f t  s p e e d  ( r p a ) 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( k w ) 2 3 2 . 0 4 1 7 2 . 1 4 1 1 0 . 8 7 4 8 . 1 2 2 3 3 . 3 3 1 7 3 . 6 7 1 1 0 . 1 0 5 8 . 3 4
o u t p u t  s h a f t  t o r q u e  ( n . / a ) 1 1 6 5 . 7 2 8 6 4 . 6 1 5 5 7 . 0 1 2 4 1 . 7 4 1 0 1 2 . 3 8 7 5 3 . 5 2 4 7 7 . 7 0 2 5 3 . 1 4
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 1 5 0 . 2 2 3 0 . 2 3 8 0 . 3 0 8 0 . 2 1 5 0 . 2 2 6 0 . 2 4 8 0 . 3 0 5
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 8 8 1 0 . 3 7 4 8 0 . 3 5 0 2 0 . 2 7 0 4 0 . 3 8 8 3 0 . 3 6 8 4 0 . 3 3 5 9 0 . 2 7 3 7
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 8 3 1 0 . 6 3 8 0 . 4 4 0 0 . 2 4 7 0 . 8 3 5 0 . 6 5 5 0 . 4 5 6 0 . 2 9 6
d y n a m i c  i n J e c t i o n ( d e g r e e c a ) 3 3 5 . 2 3 4 1 . 6 3 4 3 . 0 3 4 4 . 5 3 2 6 . 6 3 4 2 . 6 3 4 3 . 7 3 4 4 . 6
d u r a t i o n  o f  i n j e c t i o n 2 5 . 0 2 1 . 3 1 7 . 5 1 4 . 0 2 4 . 3 2 1 . 3 1 7 . 7 1 4 . 9
t u r b i n e  g e a r  r a t i o 2 6 . 9 2 4 . 0 1 9 . 6 9 . 5 2 2 . 4 2 0 . 0 1 5 . 9 8 . 6
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
<0
(s
T a b l e - 4 . 5 c
F i g - 4 . 6  D e s i g n  an d  s t a l l  o p e r a t i o n  u n d e r  e x t r e m e  a l t i t u d e  d e - r a t i n g
CUMflf jS l  1 o o c c S r * u .  Po i n t ”
numLer  o f  c y l i n d e r s  6 . 0
c o n - r o d  1e n g t h  ( m . m . )  2 1 7 . 7 5
a m b i e n t  t e m p e r a t u r e  ( deg k ) 2 9 < | . 0
c o m p r e s s i o n  r a t i o  1 6 . 3 0
. . . . .  c o m p r e s s o r  g e a r  r a t i o
bo r e
i n l e t  v a l v e  
a m b i e n t  p r e  
e n g i n e  d i a g
9 . 5 5 0 0
( m . m . ) 
c l o s i n g  ( de gs  ) 
j s u r e  ( b a r  ) 
ram f a c t o r
1 2 5 . 0 3  s t r o k e  ( m . m . )
1 9 3 . 0  c o m p r e s s o r  s c a l e  f a c t o r
0 . 7 0  c o o l e r  e f f e c t i v e n e s s
0 . 8 8 5 6  t u r b i n e  f l o w  l o s s  f a c t o r
o u t p u t  s h a f t  g e a r  r a t i o  1 . 0 9 5 0  - - - - -
e n g i n e  s p e e d ( r . p . n ) 1 3 2 0 . 0 0 2 2 5 5 . 0 0
b o o s t  p r e s s u r e  r a t i o 5 . 8 8 2 3 . 3 1 1
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 1 . 2 0 0 2 7 . 9 1 1
d e l i  v e r y  r a t  i o 1 . 5 5 9 0 . e 5 1
m a n i f o l d  temp ( deg k) 3 3 8 . 3 9 7 3 3 3 . 9 7 0
e n g i n e  po we r  ( k w. ) 2 9 0 . 3 0 2 9 0 . 0 0
e n g i n e  t o r q u e  ( n . m .  ) ) 1 7 3 8 . 5 1 1 0 1 7 . 6 6
b . m . e . p  ( b a r ) 2 1 . 8 0 1 6 1 2 . 7 9 6 0
s . f . c .  ( k g / k w  h r  ) 0 . 1 9 2 0 . 2 1 3
b . t h e r m a 1 e f f  . 0 . 9 3 9 3 0 . 3 9 1 9
f u e l  /  r e v  ( k g . ) 5 . 8 2 7 3 . 7 7 5
max c y l  p r e s s u r e  ( b a r ) 1 5 7 . 9 8 1 1 5 . 9 9
e x h a u s t  t e m p e r a t u r e ( d o g  k ) 8 7 9 . 7 7 9 6 7 . 7 9
mass f l o w  ( k g / m i n ) 2 3 . 9 9 9 2 3 . 3 3 6
p e r c e n t a g e  h e a t  t o  c o o l a n t 1 0 . 5 8 1 0 . 6 9
c o m p r e s s o r  s p e ed  ( r . p . m . ) 9 6 9 8 . 0 6 9 9 5 . 5
c o m p r e s s o r  p r e s s u r e  r a t i o 6 . 1 7 5 3 . 7 2 9
mass f l o w  ( k y / » i n ) 3 3 . 3 0 6 2 3 . 3 5 2
c o m p r e s s o r  p o we r  ( kw. ) 1 7 9 . 8 3 7 5 . 5 0
c o m p r e s s o r  t o r c u e  ( n . m ) 1 7 7 . 0 0 1 0 3 . 0 2
d e l i v e r y  t e m p e r a t u r e  ( de g k ) 6 1 2 . 6 5 9 8 6 . 8 9
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CHAPTER 5 
OPERATION OF THE DCE 
W ITH FIXED GEOMETRY(FG) TURBINE
The variable nozzle turbine was originally considered to be essential to 
achieve a satisfactory match under all operating conditions. However, detailed 
inspection of the results of section-4.2, and particularly of Fig-4.le shows that the 
variation of turbine nozzle angle becomes significant only at low loads and speeds. 
This leads to the present study of the possibility of using a fixed geometry turbine.
5.1 Standard Steady State Operation 
(standard condition, Pa=0.99bar, Ta=294.4K)
5.1.1 Performance Calculation
As indicated earlier, the present calculation is based on the steady (standard) 
state results of VG turbine scheme in section-4.2. The nozzle angle at the design 
point is used, Table-4.lc column 5, at an output shaft speed of 2200rpm and an 
engine power of 240kw, i.e. 8.886 degrees. The computation is carried out at the
same output shaft speed points, i.e. 440. 500........  2200rev/min. and the
corresponding engine power, i.e. 240.180,120 and 60kw at each speed. Under these 
conditions relevant comparisons can be made of overall system efficiency (between 
the VG scheme and the FG scheme).
The program for this purpose has been described in chapter-2. It is obvious 
that with a fixed nozzle turbine the degrees of freedom of the system are reduced, 
i.e. only two variables, engine speed and turbine gear ratio have to be evaluated in 
the optimisation process. The strategy in the program is to take the engine speed as 
the iterating variable and execute the computation over a reasonable range of 
turbine gear ratios. For a specific turbine gear ratio, the correct engine speed will be 
reached when the mass flow balance between the engine, compressor, bypass and the 
turbine is satisfied. The combination of engine speed and turbine gear ratio, which
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gives best overall efficiency, w ill be the optimal condition for that particular output 
shaft speed and load requirement.
The procedure outlined above is quite straightforward and the program 
performs very satisfactorily in most cases, particularly at high power and low 
output shaft speed. However in one or two cases at lower power and higher output 
shaft speed, i.e. engine power of 1/4 maximun value, output shaft speed of 2200 
rev/m in and/or 1900 rev/m in, the engine speed and turbine gear ratio are very 
sensitive to each other. In such a situation the calculation has to be proceeded with 
by ’trial and error’.
The problem encountered is that at a higher output shaft speed and lower 
power, the available exhaust energy is very low. In order to ensure normal 
operation of the turbine a certain level of inlet pressure must be provided. This 
may be adjusted, to a certain extent, by deceasing the engine speed, which has a 
direct relation with BMEP under conditions of fixed power and also affects the boost 
level. On the other hand, the demand for air flow requires an increase in engine 
speed. Inspection of a typical radial turbine performance map shows that at low 
pressure ratio, the speed of the turbine has greater influence on its mass flow rate 
than at higher pressure ratio. As a result, the range of engine speed and turbine gear 
ratio is very narrow and the failure in turbine subroutine and engine subroutine can 
occur even with a very small degree of mismatch between them.
5.1.2 Presentation o f Results
The performance results are tabulated in Table-5.l(a-c) and some important 
parameters are presented on Fig-5.l(a-d) contour plots. In assessing the system 
operation with fixed nozzle turbine, the present results will be compared with the 
standard(VG) ones (Table-5.1).
a)L im iting  Torque Curve Results
On the limiting torque curve, the engine still operates at constant power over 
the entire output shaft speed range.
It would be expected that the data at the design point would be the same for 
both sets. However differences do exist (see Table-5.lc and Table-4.lc). It can be 
seen the engine speed is a little higher(2116rpm cf. 2100rpm). This is due to a slight 
difference in the engine power, and probably the accuracy of the nozzle angle. 
Moreover, engine speed is the iterating variable in the present case rather than
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turbine nozzle angle as in the case with the variable nozzle turbine. This inevitably 
affects the numerical results. From the slightly higher mass flow rate, as well as the 
change in engine speed, it can be deduced that the exact turbine nozzle angle would 
be a little smaller.
The air/fuel ratio is slightly lower(29.925 cf. 30.575). This stems from the 
lower boost(2.601 cf. 2.638) and delivery ratio. The output thermal efficiency is 
slightly higher(0.3914 cf. 0.3907), therefore the results can be considered optimal. 
Generally the two sets of data do not differ significantly.
At the stall point, because of the decrease in turbine nozzle angle(8.886 cf. 
9.698deg.). the engine speed is substantially decreasedC 1292.6 cf. 1350rpm). 
Although the output power is lower( 184.74 cf. 186.55), the output efficiency is 
higher(34.77% cf. 34.61%). This is due to higher engine efficiency(0.4552 cf. 
0.4485), which is the result of higher BMEP(22.4073 cf. 21.4477bar) and lower 
engine speed, although it is probably an overestimate.
By examining the data at other output shaft speeds, it can be seen that the 
system performance over the limiting torque curve is almost unchanged, due to 
relatively small changes in the turbine nozzle angle(see Fig-4.4e) as already pointed
b)Part Load Results
The most significant differences occur at low speeds and low loads, because it 
is only under these conditions that, for the VG turbine scheme, nozzle angles 
become large, e.g. 36.664deg. at an output shaft speed of 440rpm and 1/4 load. The 
minimum engine speed chosen for that condition was llOOrpm. Obviously, if nozzle 
angle is to be held fixed at 8.886deg., the system operation will change drastically, 





Nozzle angle(deg.) 3 6 .6 6 4  8 .8 8 6
60.11 60.25
440 440
- 7 4 -
VG FG
Eng.speed(rpm) > 11001 771.2
Eng.eff.(%) 40.93 41.7
BMEP(bar) 6.54 9.36
A/F ratio 35.87 30.79
boost ratio 1.337 1.895
Comp.speed(rpm) 7597. 4456.9
Comp.power(kw) 41.68 35.19
Comp.mass flow(kg/min) 38.98 20.56
Turb.gear ratio 28.6 62.0
Turb.power(kw) 8.36 18.63
O/S power(rpm) 23.16 39.68
O/Seff. 0.1577 0.2747
Clearly, the engine speed has substantially decreased while BMEP and boost 
ratio have increased. The compressor speed, compressor mass flow rate hence 
compressor power have also decreased. Further, turbine power has increased 
substantially due to its higher speed(gear ratio) and pressure ratio(relating to boost 
ratio). These lead to a significant increase in output power and output 
efficiency(more than 10 percentage points). It may also be concluded that the VG 
operating point has not been tru ly  optimised as a result of a lower limit being set 
for engine speed (llOOrpm).
If such low engine speeds are admissible, at MEP levels which are still 
significant(BMEP of 9.36bar in the present case) the fixed nozzle scheme will prove 
acceptable.
At an engine power of 60kw and an output shaft speed of 2200rpm (Table- 
5.1c), the mass flow capacity of the engine exceeds that of the compressor( 10.006 cf. 
8.907), which results in a certain amount of reverse flow in the bypass duct. As can 
be seen, the turbine efficiency is extremely low(0.306). One of the reasons for this is 
to operate the turbine deliberately at a lower speed(smaller turbine gear ratio) to 
increase its mass flow capacity, therefore reducing circulation through the bypass. 
Nevertheless, since the energy available to the turbine is very low, this effect is not
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significant turbine power 1.34kw; still very low even with higher efficiency). It 
should also be noted that it is not correct to compare the two sets of data directly at 
this particurlar point, because the engine power level is different(60kw cf. 71kw). 
Due to the circulation of the exhaust gas, the inlet manifold temperature is 
increased and the delivery ratio is reduced, apart from the energy loss through the 
intercooler. However the delivered air/fuel ratio is higher(40.232), due to the 
comparatively lower fuel flow. More importantly, the output efficiency is quite 
acceptable(0.2668 at 47.74kw cf. 0.2771 at 56.29kw).
The overall efficiency of the system has been improved at certain operating 
points, particularly at low loads. This is clearly shown in Fig-5.la. Compared with 
Fig-4.la, it can be seen that efficiencies at high loads are comparable. The area 
covered by higher efficiency is slightly reduced but with higher efficiency extended 
to low loads. In fact, it is these findings that lead to the investigation on 
optimisation for engine speed.
Fig-5.lb to Fig-5.Id show the contours of boost ratio, BMEP and turbine gear 
ratio respectively. Generally, boost ratio and BMEP have increased at low loads, 
particularly at low speeds where nozzle angle has decreased more markedly. 
Turbine gear ratio has increased at lower speeds and decreased at higher speeds. 
These variations reflect two facts. One is to accommodate the change in nozzle angle 
and another is that the present results are more closely optimised.
5.1.3 Further Remarks
It should be noted that in the program DCE2 for the variable nozzle scheme, 
reverse bypass flow is not allowed. Therefore, at low load and high output shaft 
speed, a situation occurs where the system can no longer work, due to extremely 
low available exhaust energy, which leads to failure of the turbine subroutine. This 
is why in the calculations with the VG turbine an engine power of greater than 1/4 
load is used at an output shaft speed of 2200rpm(71.47kw cf. 60kw, Table-4.lc).
If negative bypass flow is allowed, as in the present case with fixed nozzle 
angle, although the engine charge purity is affected, the air supply is still sufficient 
giving an acceptable trapped air/fuel ratio due to the low load operation.
Further, at an even lower load, because of the still lower available exhaust 
energy, the turbine can become an obstacle to the gas flow, even consuming a certain 
amount of energy. Therefore, the overall performance of the system will be 
affected. Certain measures can be taken to minimise this effect, e.g. the turbine can
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be disconnected, i.e. brought to a stand-still, and act as an ordinary duct or bypass. 
Likewise, in the simulation, the turbine can be considered inoperative. Under this 
circumstance, the engine speed can be scheduled such that compressor mass flow 
exactly meets the engine demand, i.e. zero bypass flow, to maximise overall 
efficiency. This will, in addition, make the computation easier (without 
consideration of turbine mass flow balance).
5.2 Operation w ith  New Compressor Map
(standard conditions, Pa=0.99bar,Ta=294.4K)
In section-4.3, the system (VG turbine) performance has been improved with 
a new compressor match. In this section, the system operation with FG turbine and 
with this new compressor (Fig-4.4) will be investigated. The results are shown in 
Table-5.2(a-c) and Fig-5.2(a-d), and these will be compared with the standard 
results in section-5.1.
a)Regime a t Output Sha ft Speed o f  2200rpm
Some data at the design point are listed below:
std. new
Eng.speed(rpm) 2116 2097
boost ratio 2.601 2.631




air flow(kg/min) 25.43 25.54
Comp.power(kw) 65.45 63.92
efficiency 0.72 0.749
mass flow(kg/min) 26.6 25.83




O/S speed(rpm) 2200. 2200.
power(kw) 239.3 236.2
efficiency(%) 0.3914 0.3915
At this point, with the new match, engine speed has decreased, while boost 
ratio, BMEP and air/fuel ratio have increased, which is partly a result of an increase 
in compressor efficiency. This leads to higher engine efficiency.
W ith the change in engine speed, compressor power has decreased, but the 
reduction in turbine power is even greater.
W ith the increase in engine efficiency and reduction in surplus power of 
turbine over compressor, the overall efficiency remains unchanged.
At other power levels, engine speed has increased. Because of higher 
compressor efficiency (0.707 cf. 0.609 at 1/2 load), and therefore higher boost ratio, 
air/fuel ratio and higher engine efficiency, overall efficiency has been improved 
(0.3427 cf. 0.3293 at 1/2 load).
b)Regime at Output Sha ft Speed o f  440rpm
Some important parameter at the stall point are selected as follows:
std. new
Eng.speed(rpm) 1293 1313
boost ratio 4.08 4.215




air flow(kg/min) 23.98 25.27
Comp.power(kw) 179.4 179.55
efficiency 0.656 0.704











At this point, engine speed has increased, while BMEP and engine efficiency 
have decreased. Due to the higher compressor efficiency, boost ratio and air/fuel 
ratio have increased. Turbine power has increased substantially because of the 
higher pressure ratio and mass flow, while the increase in compressor power is not 
significant. All these lead to a higher overall efficiency.
At 3/4 and 1/4 loads, engine speed has increased and overall efficiency also 
increased, while at 1/2 load, engine speed has decreased (1026 cf. 1045rpm) and 
overall efficiency slightly deteriorated (0.3381 cf. 0.3400).
cjGeneral Trend
With the introduction of the new compressor, compressor efficiency has 
generally increased. In most cases, engine speed and overall efficiency have increased. 
Only at a couple of points, w ith a decrease in engine speed, has overall efficiency 
slightly deteriorated.
In Fig-5.2a, the area covered by the 0.376 efficiency contour is much greater 
than that by the 0.380 efficiency contour in Fig-5.la. This becomes clearer 
comparing the area covered by the 0.361 efficiency contour in Fig-5.2a and that by 
0.360 efficiency area in Fig-5.la.
Boost ratio has increased over the entire operating area (Fig-5.2b cf. Fig-5.la), 
while the change in BMEP (Fig-5.2c cf. Fig-5.lc) and turbine gear ratio (Fig-5.2d cf. 
Fig-5.Id) are not significant.
Comparing Table-5.2 with Table-4.2 (VG scheme), it can be seen that at 
certain low speed points, overall efficiency with the FG scheme has slightly 
increased. This shows that the VG results still deviate somewhat from the optimal. 
However, at certain high speed points, it is much lower (0.3285 cf. 0.3559 at 1/4 
load and 1050rpm). Comparison between Fig-5.2a and Fig-4.5a (VG scheme) shows
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that, w ith VG turbine, the area covered by the 0.39 efficiency contour is even 
greater than that by the 0.376 efficiency area with FG turbines.
As in the case with VG turbine, the results obtained in this section. Table-5.2 
and Fig-5.2 will be taken as the new base line in later studies.
5.3 Operation under Changing Am bient Conditions
For a conventionally turbocharged engine, with a fixed nozzle turbine, its 
performance at altitude and/or at elevated temperature will deteriorate, 
particularly at low speeds(chapter-3), although certain compensating effects can be 
provided by the turbocharger as a result of increased speed and turbine inlet 
temperature. The characteristics of the DCE w ith a fixed geometry turbine under 
standard ambient conditions have been investigated previously and the outcome was 
quite acceptable. In the following investigation, its performance under changing 
ambient conditions is studied. Similar conditions to those with the VG turbine are 
applied under similar headings, i.e. a)ambient pressure of 85% standard value,
b)ambient temperature of 40deg.c and c)a conbination of both. The turbine nozzle 
angle adopted is still 8.886deg. In the following assessment the results are compared 
w ith those for the new base line results (section-5.2, new match, standard 
conditions). The relevant data will be identified as the analysis proceeds.
5.3.1 Effects o f  Reduced Am bient Pressure(Table-5.3a-c)
This set of data is obtained for an ambient pressure of 85% of the standard 
value, equivalent to an altitude of 1250m, Table-5.3(a-c) and Fig-5.3(a-d).
As the ambient pressure is reduced, the following changes take place: engine 
speed and boost ratio have increased, while mass flow, air/fuel ratio, BMEP and 
engine efficiency have decreased. Both compressor and turbine power have increased 
and a favourable shift of balance between the two has taken place, e.g. at the design 
point the surplus power of the turbine over compressor increased from 11.5kw to 
13.55kw. Overall efficiency has generally deteriorated but in almost all cases by 
under 1 percentage point. The data at the design and stall points are listed below:





Eng.speed(rpm) 2139. 2097. 1386. 1313.
boost ratio 2.911 2.631 4.67 4.215
A/F ratio 27.2 30.44 31.7 33.29
power(kw) 239.7 240. 240.3 240.2
BMEP(bar) 13.42 13.7 20.74 21.91
efficiency 0.388 0.398 0.431 0.44
air flow(kg/min) 23.88 25.54 24.57 25.27
Comp.power(kw) 67.1 63.92 182.4 179.6
efficiency 0.697 0.723 0.691 0.704
mass flow(kg/min) 23.35 25.83 43.88 47.91
T urb.power(kw) 80.65 75.42 152.7 148.1
speed(rpm) 49308 44549 49731 47301
O/S speed(rpm) 2200. 2200. 440. 440.
power(kw) 237.7 236.2 192.9 191.5
efficiency(%) 38.49 39.15 34.59 35.07
Comparing Fig-5.3 w ith Fig-5.2(base line) efficiency has decreased only 
slightly, the area within the 0.37 efficiency contour in Fig-5.3a being comparable to 
that w ithin the 0.376 efficiency contour in Fig-5.2a. The increase in boost ratio is 
clear but the decrease in BMEP and the increase in turbine gear ratio are not very 
noticible.
Comparing Fig-5.3 w ith Fig-4.6 (VG scheme under the same conditions), there 
is a clear deterioration in overall efficiency, reaching over 1 percentage point at 
certain operating points at high load level. At certain low load points, an efficiency 
loss of 4 percentage points occurs, e.g. 0.3247 cf. 0.3648 at an output shaft speed of 
1050rpm and 1/4 load, comparing Table-5.3 and Table-4.3 (for the VG scheme 
under the same conditions).
5.3.2 Effects o f Elevated Temperature(Table-5.4a-c)
For this set of results, The ambient temperature is raised to 40deg.C, i.e. 
313.5K. The results are shown in Table-5.4(a-c) and Fig-5.4(a-d). Generally, engine 
speed has increased while air flow decreased. In most cases, boost ratio has increased
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b u t in some cases, it has decreased. In many cases, the deterioration in overall 
efficiency is over 1 percentage point w ith a couple of points w ith greater loss (at 
output shaft speed of 1050rpm and 1/4 load, a deterioration of over 2 percentage 
points has been reached: 0.3041 cf. 0.3285). The results at the design and stall 





Eng.speed(rpm) 2113. 2098. 1330. 1313.
boost ratio 2.665 2.631 4.24 4.215
A/F ratio 28.84 30.46 30.68 33.29
power(kw) 240. 240.0 240. 240.2
BMEP(bar) 13.6 13.70 21.61 21.91
efficiency 0.397 0.398 0.42 0.440
air flow(kg/min) 24.24 25.54 24.4 25.27
Comp.power(kw) 65.14 63.92 180.2 179.6
efficiency 0.727 0.723 0.709 0.704
mass flow(kg/min) 25.09 25.83 45.99 47.91
Turb.power(kw) 75.47 75.42 150.9 148.1
speed(rpm) 45984 44549 48439 47301
O/S speed(rpm) 2200. 2200. 440. 440.
power(kw) 235. 236.2 193.4 191.5
efficiency(%) 38.85 39.15 33.82 35.07
Various parameters are plotted in Fig-5.4(a-d). Compared with Fig-5.2 (base 
line), it can be seen that the loss in efficiency is not very significant, e.g. the area 
covered by the 0.3678 efficiency contour in Fig-5.4a is nearly comparable to that by 
the 0.376 efficiency contour in Fig-5.2a. Changes in terms of boost ratio, BMEP and 
turbine gear ratio are very small.
Compared with Fig-4.7 (VG scheme under the same conditions), an efficiency 
loss of about 1 percentage point can be observed at high loads points. At medium 
speed and low load operating conditions, the deterioration is more severe, e.g. 
0.3021 cf. 0.3408 at an output shaft speed of 1050rpm and 1/4 load(Comparing 
Table-5.4 and Table-4.4).
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5.3.3 Combination o f  A ltitude and Temperature Derating 
(Table-5.5a-c)
This set of results is obtained at an ambient pressure of 85% of the standard 
value and a temperature of 40deg.c. Table-5.5 and Fig-5.5. Compared with Table- 
5.2(a-c) (base line under standard conditions), it can be seen that engine speed, boost 
ratio, compressor and turbine power have all increased while air/fuel ratio and 
BMEP have decreased. Generally, the loss in overall efficiency is around 1 
percentage point at high loads. However, at certain high speed points, there is an 
improvement (e.g. design point), but at certain low load points, the loss has reached 
over 2 percentage points, e.g. 0.3173 cf. 0.3428 at an output shaft speed of 500rpm 
and 1/2 load. Compared with the results with temperature derating only(Table- 
5.4), the deterioration is quite small. The data at the design and stall points are 
shown below:
design stall
der. der. base der. der. base 
Pa.Ta Ta Pa.Ta Ta
Eng.speed(rpm)
N
2155 2113. 2098. 1407 1330. 1313.
boost ratio 2.948 2.665 2.631 4.713 4.24 4.215
A/F ratio 27.3 28.84 30.46 29.84 30.68 33.29
power(kw) 240.2 240. 240.0 240.1 240. 240.2
BMEP(bar) 13.35 13.6 13.70 20.43 21.61 21.91
efficiency 0.402 0.397 0.398 0.418 0.42 0.440
air flow(kg/min) 22.8 24.24 25.54 23.84 24.4 25.27
Comp.power(kw) 68.3 65.14 63.92 183.1 180.2 179.6
efficiency 0.701 0.727 0.723 0.697 0.709 0.704
mass flow(kg/min) 22.66 25.09 25.83 42.03 45.99 47.91
Turb.power(kw) 79.27 75.47 75.42 155.4 150.9 148.1
speed (r pm) 50416 45984 44549 51269 48439 47301
O/S speed(rpm) 2200. 2200. 2200. 440. 440. 440.
power(kw) 235.2 235. 236.2 194.7 193.4 191.5
efficiency(%) 39.39 38.85 39.15 33.88 33.82 35.07
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As can be seen, under derated conditions, all the im portant parameters are at 
their normal values and no loss of power has taken place, and at the stall points, 
output power has actually increased.
The variations of some parameters are shown in the contour plots. Fig-5.5(a- 
d). Compared with Fig-5.2(base line), only a little over 1 percentage point of 
efficiency loss can be observed, the area covered by the 0.3667 efficiency contour in 
Fig-5.5a being slightly smaller than that by the 0.376 efficiency contour in Fig-5.2a. 
The clear increase in boost ratio can also be seen.
Compared with Fig-4.8(VG scheme under the same conditions), about 1 
percentage point of efficiency loss has been incurred at some high load points. At 
certain medium speed and low load points, the loss can be much greater, e.g. 0.229 
cf. 0.3369 at output shaft speed of 1050rpm and 1/4 load(comparing Tabl-5.5 and 
Table-4.5). However, at certain high speed points, better results are obtained 
(0.3939 cf. 0.3883 at the design point).
5.4 Discussion
FG-turbine DCE operation under various ambient conditions has been studied. 
At most of the operating points the results are quite satisfactory with only about 1 
percentage point efficiency loss and only at very few points at low loads do losses of 
2 percentage points occur.
Compared with the VG scheme under the same ambient conditions, efficiency 
at high load is about 1 percentage points lower. While at certain medium speeds and 
low loads, the loss of overall efficiency can reach 4 percentage points. However, the 
VG scheme has its own disadvantages, such as complexity and possibly reduced 
reliability associated with its practical implementation. Further, in those cases 
where the efficiency difference between the two is highest, with the VG turbine, the 
calculated nozzle angle is very small, which may not be practical. Furthermore, the 
investigations carried out so far have been limited to steady state operation and a 
final conclusion can only be reached when other aspects of the system, such as 
transient response, have been examined. It should be expected that the VG scheme 
with its enhanced flexibility would have a superior transient performance.
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5 .5  S u m m a r y
The performance of the L10 DCE, with both VG and FG turbines, under 
various ambient conditions has been investigated. It can be seen that, due to its 
flexibility, the system can cope w ith changing ambient conditions excellently. The 
deterioration in performance is very small, particularly at high loads. As a result, 
the limiting torque curve of the system is only slightly affected and high torque 
ratio preserved. Even at low loads, only at certain points, are efficiency losses of 2 
percentage points reached. This is outstanding compared with the conventional 
turbocharging system(with FG turbine). As shown in chapter-3, even on the 
limiting torque curve, the loss in efficiency can be as high as 4 percentage points. For 
a purely VG turbocharging system, the performance under changing ambient 
conditions is also outstanding (see chapter-3). However, in terms of the overall 
system characteristics the DCE is much superior.
A key disadvantage of the conventional system is its inability to obtain 
sufficient air at low speeds. VG turbocharging is a very good solutuion. The 
advantage of the DCE with VG turbine is obvious. However, w ith a FG turbine, the 
DCE achieves a variable function through the differential relationship between the 
engine and compressor imposed by the epicyclic gaertrain. Therefore, an ample air 
supply is always available.
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I t u r b i n e  t o r q u e  ( n . m ) 2 2 . 6 7 1 7 . 9 2 1 1 . 1 6 2 . 9 6 1 8 . 9 2 1 2 . 7 2 6 . 0 9 1 . 7 1
i n l e t  t e m p e r a t u r e  ( d e g  k ) 7 6 2 . 3 1 6 7 1 . 6 3 6 0 3 . 5 1 5 4 5 . 7 1 e i s . i s 7 8 3 . 1 1 7 3 8 . 1 0 6 4 6 . 0 0
t u r b i n e  n o z z l e  a n g l e 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6
( t u r b i n e  e f f i c i e n c y 0 . 7 6 6 0 . 7 6 1 0 . 7 4 9 0 . 7 0 8 0 . 7 6 1 0 . 7 5 2 0 . 7 1 9 0 . 6 2 5
o u t p u t  s h a f t  s p e e d  ( r p m ) 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( k w ) 2 1 4 . 0 0 1 5 8 . 4 5 9 8 . 8 5 4 5 . 8 8 2 2 8 . 6 5 1 6 5 . 9 7 1 0 5 . 0 2 4 9 . 4 2
( o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 9 4 5 . 3 9 1 4 4 0 . 4 5 8 9 8 . 6 5 4 1 7 . 0 7 1 3 6 4 . 0 5 9 9 0 . 1 5 6 2 6 . 5 5 2 9 4 . 8 6
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 2 2 0 . 2 2 2 0 . 2 3 5 0 . 2 5 7 0 . 2 1 4 0 . 2 2 5 0 . 2 4 1 0 . 2 6 2
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 7 5 1 0 . 3 7 5 1 0 . 3 5 5 5 0 . 3 2 4 1 0 . 3 8 9 5 0 . 3 7 0 3 0 . 3 4 5 4 0 . 3 1 8 4
I e n g i n e  f u e l  f l o w  ( k g / a i n ) 0 . 7 9 3 0 . 5 8 7 0 . 3 8 7 0 . 1 9 7 0 . 8 1 6 0 . 6 2 3 0 . 4 2 3 0 . 2 1 6
d y n a m i c  i n j e c t i o n ( d e g r e e  c a ) 3 3 7 . 5 3 4 0 . 3 3 4 3 . 4 3 4 6 . 0 3 3 9 . 0 3 4 0 . 7 3 4 2 . 7 3 4 5 . 4
d u r a t i o n  o f  i n j e c t i o n 2 7 . 9 2 2 . 5 1 7 . 3 1 3 . 4 2 6 . 0 2 1 . 9 1 7 . 7 1 3 . 0
I t u r b i n e  g e a r  r a t i o 4 5 . 0 3 9 . 5 3 0 . 0 2 3 . 0 2 9 . 4 2 6 . 0 2 3 . 0 1 7 . 0
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
(. p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
T a b l e - 5 . l b
t
CUMMINS L 1 0 d c r
number  o f  c y l i n d e r s 6 . 0 b o r e (
c o n - r o d  l e n g t h  C m.m. ) 2 1 7 . 7 8 i n l e t  v a l v e c 1 os i ng (
a m b i e n t  t e m p e r a t u r e  ( deg k ) 2 9 4 . 4 a m b i e n t  p r e s s u r e  (
c o m p r e s s i o n  r a t i o 1 6 . 3 0 e n g i n e  d i a g r a m  f a c t o r
- - - - -  c o m p r e s s o r g e a r  r a t i o  9,. 5 5 0 0
e n g i n e  s p e e d ( r . p . m ) 1 9 8 1 . 4 7 1 8 3 8 . 1 3 1 6 9 1 . 9 9
b o o s t  p r e s s u r e  r a t i o 2 . 8 5 9 2 . 2 4 4 1 . 7 0 0
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 1 . 2 3 1 3 0 . 2 1 0 3 1 . 2 9 1
d e l i  v e r y  p a t  i o 0 . 8 4 9 0 . 8 5 0 0 . 8 4 9
m a n i f o l d  temp ( deg k ) 3 2 0 . 5 6 2 3 1 4 . 0 3 9 3 0 5 . 7 7 7
e n g i n e  po we r  ( k w. ) 2 4 0 . 9 2 1 8 0 . 5 7 1 2 0 . 3 1
e n g i n e  t o r q u e  ( n . m .  ) ) 1 1 6 2 . 3 2 9 3 9 . 7 2 6 8 0 . 5 9
b . m . e . p  ( b a r ) 1 4 . 5 6 1 2 1 1 . 7 6 4 4 8 . 5 1 5 9
S . f . C .  ( k g / k w  h r  } 0 . 2 0 7 0 . 2 1 3 0 . 2 2 1
b . t h e r m a l  e f f . 0 . 4 0 2 1 0 . 3 9 2 0 0 . 3 7 8 0
f u e l  /  r e v  ( k g . ) 4 . 2 0 3 3 . 4 8 3 2 . 6 1 5
max c y l  p r e s s u r e  ( b a r ) 1 2 7 . 5 3 1 0 2 . 0 9 7 8 . 0 4
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 8 9 3 . 9 0 8 9 0 . 9 6 8 4 4 . 2 2
mass f l o w  ( k g / m i n ) 2 6 . 0 0 9 1 9 . 3 4 1 1 3 . 8 4 6
p e r c e n t a g e  h e a t  t o  c o o l a n t 9 . 8 0 1 1 . 5 7 1 3 . 9 5
c o m p r e s s o r  s p e e d  ( r . p . a . ) 6 3 6 5 . 9 4 9 9 7 . 1 3 6 0 1 . 4
c o m p r e s s o r  p r e s s u r e  r a t i o 3 . 1 7 7 2 . 4 9 0 1 . 8 9 4
mass f l o w  ( k g / m i n ) 3 0 . 2 0 6 2 3 . 2 7 3 1 6 . 0 3 8
c o m p r e s s o r  p o w e r  ( kw. ) 7 8 . 6 6 4 9 . 7 6 2 5 . 8 0
c o m p r e s s o r  t o r q u e  ( n . m ) 1 1 7 . 9 5 9 5 . 0 6 6 8 . 3 9
d e l i v e r y  t e m p e r a t u r e  ( d e g k) 4 4 9 . 7 8 4 2 2 . 1 8 3 9 0 . 7 2
c o m p r e s s o r  e f f i c i e n c y 0 . 7 4 1 0 . 6 8 7 0 . 6 1 4
t u r b i n e  s p e e d  ( r . p . m ) 4 6 6 8 3 . 0 4 0 6 6 0 . 0 3 4 0 1 0 . 0
t u r b i n e  p r e s s u r e  r a t i o 3 . 1 7 7 2 . 4 9 0 1 . 8 9 4
mass f l o w  ( k g / m i n ) 3 1 . 0 9 7 2 3 . 9 2 9 1 6 . 4 5 5
t u r b i n e  p o we r  ( k w ) 9 0 . 6 2 5 2 . 8 1 2 2 . 5 3
t u r b i n e  t o r q u e  ( n . m ) 1 8 . 5 3 1 2 . 4 0 6 . 3  2
i n l e t  t e m p e r a t u r e  ( d e g  k ) 8 3 8 . 6 4 8 2 0 . 0 9 7 8 8 . 7 2
t u r b i n e  n o z z l e  a n g l e 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6
t u r b i n e  e f f i c i e n c y 0 . 7 6 1 0 . 7 5 2 0 . 7 3 9
o u t p u t  s h a f t  s p e e d  ( r p m ) 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( k w ) 2 3 6 . 9 4 1 7 1 . 6 8 1 0 8 . 5 1
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 1 9 0 . 3 3 8 6 2 . 5 1 5 4 5 . 1 5
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 1 1 0 . 2 2 4 0 . 2 4 5
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 9 5 5 0 . 3 7 2 8 0 . 3 4 0 9
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 8 3 3 0 . 6 4 0 0 . 4 4 3
d y n a m i c  i n j e c t i o n ( d e g r e e  c a ) 3 4 0 . 1 3 4 1 . 4 3 4 2 . 9
d u r a t i o n  o f  i n j e c t i o n 2 5 . 1 2 1 . 4 1 7 . 7
t u r b i n e  g e a r  r a t i o 2 4 . 6 2 1 . 4 1 7 . 9
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
D E S IG N  POINT
135 105 87 0
m.m.  ) 
de gs  ) 
b a r  )
1 2 5 . 0 3
1 9 3 . 0
0 . 9 9
0 . 9 0 2 3
s t r o k e  ( m . m . )  1 3 6 . 0 0
c o m p r e s s o r  s c a l e  f a c t o r  1 . 1 0
c o o l e r  e f f e c t i v e n e s s  0 . 7 8 6 6
t u r b i n e  f l o w  l o s s  f a c t o r  0 . 8 0 0 0
o u t p u t  s h a f t  g e a r  r a t i o 1 . 9 4 5 0  -----------
1 5 6 1 . 3 1  
1 . 2 4 1  
4 0 . 6 3 9  
0 . 8 4 9  
2 9 5 . 5 3 8  
6 0 .  19 
3 6 8 . 7 8  
4 . 6 1 6 9  
0 . 2 3 7  
0 . 3 5 1 8  
1 . 5 2 4  
5 5 . 6 1  
6 9 4 . 0 0  
9 . 6 6 7  
1 6 . 8 8
2 3 5 3 . 4
1 . 4 0 0  
1 0 . 0 1 3
8 . 9 9
3 6 . 4 5
3 4 8 . 2 5
0 . 5 5 5
7 7 9 0 . 0
1 . 4 0 0  
1 0 . 2 5 4
3 . 0 9
3 . 7 8
6 8 3 . 0 8
8 . 8 8 6
0 . 5 3 4
1 9 0 0 . 0 0  
4 8 . 3 1
2 4 2 . 7 2  
0 . 2 9 5  
0 . 2 8 2 3  
0 . 2 3 8  
3 4 4 . 6  
1 3 . 8  
4 . 1  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 .  1 03 45
2 1 1 6 . 0 0
2 . 6 0 1
2 9 . 9 2 5
0 . 8 4 9
3 1 8 . 8 3 9
2 4 0 . 7 8
1 0 8 8 . 4 2
1 3 . 6 2 7 4
0 . 2 1 2
0 . 3 9 3 8
4 . 0 1 6
1 1 6 . 2 7  
9 1 9 . 6 0
2 5 . 4 3 2
9 . 9 0
5 6 6 8 . 0
2 . 9 2 7  
2 6 . 5 9 8  
6 5 . 4 5
110.22
4 4 1 . 2 9
0 . 7 2 0
4 6 4 2 0 . 0
2 . 9 2 7  
2 7 . 4 2 2  
7 9 . 6 6  
1 6 . 3 8
9 0 1 . 1 7
8 . 8 8 6
0 . 7 5 7
2 2 0 0 . 0 0
2 3 9 . 2 7  
1 0 3 8 . 1 4
0 . 2 1 3
0 . 3 9 1 4
0 . 8 5 0
3 4 1 . 0
2 4 . 8
2 1 . 1
0 . 1 0 3 4 5
0 . 1 0 3 4 5
0 . 1 0 3 4 5
0 . 1 0 3 4 5




3 1 2 ,
180,





9 4 .  










8 4 0 6
2 1 7






4 5 0 0 . 0
2 . 3 3 4  
2 0 . 7 0 4  
4 1 . 2 8  
8 7 . 5 6
4 1 3 . 6 0
0 . 6 7 8
3 9 6 0 0 . 0
2 . 3 3 4  
2 1 . 3 9 2  
4 6 . 4 6  
1 1 . 2 0
8 7 6 . 6 4  
8 . 8 8 6  
0 . 7 5 0
2 2 0 0 . 0 0
1 7 3 . 6 5  
7 5 3 . 4 5
0 . 2 2 6
0 . 3 6 9 5
0 . 6 5 3
3 4 2 . 2
2 1 . 3
1 8 . 0
0 . 1 0 3 4 5
0 . 1 0 3 4 5
0 . 1 0 3 4 5
0 . 1 0 3 4 5
1 8 7 7 . 1 0
1 . 5 7 1
3 1 . 3 6 8
0 . 8 4 9
3 0 4 . 8 8 6
1 2 0 . 2 4
6 1 3 . 4 7
7 . 6 7 1 6
0 . 2 2 6
0 . 3 6 8 4
2 . 4 1 7
7 1 . 7 0  
8 4 9 . 9 7
1 4 . 2 3 2
1 3 . 7 0
3 3 8 6 . 5
1 . 7 7 4  
1 5 . 1 1 0  
2 1 . 8 1  
6 1 . 4 7
3 8 0 . 8 5
0 . 6 0 9
2 2 0 0 0 . 0
1 . 7 7 4  
1 5 . 5 3 7  
1 7 . 8 6
7 . 7 5
8 2 5 . 8 2
8 . 8 8 6
0 . 6 8 3
2 2 0 0 . 0 0
1 0 7 . 4 9
4 6 6 . 3 7
0 . 2 5 3
0 . 3 2 9 3
0 . 4 5 4
3 4 3 . 4
1 7 . 7
1 0 . 0
0 . 1 0 3 4 5
0 . 1 0 3 4 5
0 . 1 0 3 4 5
0 . 1 0 3 4 5
1 7 4 7 . 0 0
1 . 1 9 0  
4 0 . 2 3 2  
0 . 8 4 8  
3 0 5 . 3 9 2  
6 0 . 1 4  
3 2 9 . 5 8  
4 . 1 2 2 5  
0 . 2 4 8  
0 . 3 3 6 1  
1 . 4 2 4  
5 2 . 5 7
7 1 4 . 1 2  
1 0 . 0 0 6  
1 6 . 9 1
2 1 4 4 . 1
1 . 3 6 1  
8 . 9 0 7  
7 . 2 8  
3 2 . 4 3  
3 8 6 . 6 9  
0 . 5 5 5
2200.0 
1 . 3 6 1  
9 . 1 7 1  
1 . 3 4  
5 . 8 2
7 1 4 . 1 2  
8 . 8 8 6  
0 . 3 0 6
2200.00
4 7 . 7 4
2 0 7 . 1 2  
0 . 3 1 3  
0 . 2 6 6 8  
0 . 2 4 9  
3 4 4 . 8
1 4 . 1  
1 . 0  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5
T a b l e - 5 . l c
T a b l e - 5 .2  New b a s e l i n e :  new map, s ta n d a rd  c o n d i t io n s
CUMMINS L10 D C C
NUMBCR OF CYLINDERS 6 . 0
CON-ROD LENGTH ( M. M. )  2 1 7 . 7 8
AMBIENT TEMPERATURE ( DEC K ) 2 9 4 . 4
COMPRESSION RATIO 1 6 . 3 0
  COMPRESSOR GEAR RATIO
S T A L L 38 25 19
(
K W. ) 
N . M.  ) 
( BAR ) 
C KG/KH HR )
ENGINE S P C E D ( R . P . M)
BOOST PRESSURE RATIO 
DELIVERED AIR TO TUEL RATIO 
DELIVERY RATIO 
MANIFOLD TEMP ( DEC K)
ENGINE POWER (
ENGINE TORQUE 
B . M . E . P
s . r . c .
B.THERMAL E r F .
FUEL /  REV ( KC.  )
MAX CYL PRESSURE ( BAR . )  
EXHAUST TEMPERATURE(DEG K ) 
MASS FLOW (KG/ MI N)
PERCENTAGE HEAT TO COOLANT
COMPRESSOR SPEED ( R . P . M . )  
COMPRESSOR PRESSURE RATIO 
MASS TLOW (KG/MIN)
COMPRESSOR POWER ( KW. )
COMPRESSOR TORQUE ( N . M)  
DELIVERY TEMPERATURE (DEC K) 
COMPRESSOR EFFICIENCY
TURBINE SPEED ( R . P . M )  - 
TURBINE PRESSURE RATIO 
MASS TLOW (KG/MIN)
TURBINE POKER (KH)
TURBINE TORQUE ( N. M)
INLET TEMPERATURE (PEC K) 
TURBINE NOZZLE ANCLE 
TURBINC EFFICIENCY  
OUTPUT SHAFT SPEED (PPM)  
OUTPUT SHAFT POWER (KW)
OUTPUT SHAFT TORQUE ( N . / M )  
OUTPUT SHAFT CFC (KG/KW.HR)  
OUTPUT THERMAL EFFICIENCY  
ENGINE FUEL TLOW (KG/MIf. ' )  
DYNAMIC INJECTION(DEGREE CA) 
DURATION OF INJECTION 
TURBINE CEAP RATIO 
PRESSURE LOSS IN PI PE A ( B A D
PRESSURE LOGS IN PI PE B (BAf )
PRESSURE LOSS IN PI PE C (RA[ )
PRESSURE LOSS IN PI PE D (BAR)




3 2 4 .
2 4 0 ,





1 5 9 ,  
8 3 7 ,
2 5 .
1 0 .
BORE ( M . M . )  1 2 5 . 0 3
INLET VALVE CLOSING ( DEGS ) 1 9 3 . 0
AMBIENT PRESSURE ( BAR ) 0 . 9 9
ENGINE DIAGRAM FACTOR 0 . 9 9 0 0
9 . 5 5 0 0 OUTPUT SHAFT GEAR RATIO
STROKE ( M. M. )
COMPRESSOR SCALE FACTOR 
COOLER EFFECTIVENESS  
TURBINE FLOW LOSS FACTOR
1 3 6 . 0 0
1 . 1 0
0 . 5 2 3 6
0 . 8 0 0 0
1 . 4 4 5 0  ----------
9 3  
2 1 5  
2 8 5  
8 5 3  
2 5 4  
15  
86
9 0 5 6
190
4 3 9 8
7 8 2
94  
6 3  
2 6 7  
05
9 6 3 0 . 6
4 . 4 8 8
4 7 . 9 0 7
1 7 9 . 5 5
1 7 7 . 9 6
5 1 6 . 9 9
0 . 7 0 4
4 7 3 0 1 . 1
4 . 3 8 4
4 8 . 2 9 1
1 4 8 . 1 1
2 9 . 8 9
6 9 4 . 7 2
8 . 8 8 6
0 . 7 7 4
4 4 0 . 0 0
1 9 1 . 5 3
4 1 5 5 . 0 2
0 . 2 3 8
0 . 3 5 0 7
0 . 7 5 9
3 6 0 . 2
2 9 . 6
1 0 7 . 5
0 . 1 0 3 4 5
0 . 1 0 3 4 5
0 . 1 0 3 4 5
0 . 1 0 3 4 5




3 1 5 ,
1 8 0 ,





1 5 5 .  










1 3 9 2
180






8 4 6 3 . 9
3 . 7 3 7
4 1 . 6 8 3
1 3 0 . 3 0
1 4 6 . 9 4
4 8 0 . 5 3
0 . 7 2 1
4 1 7 8 9 . 9
3 . 6 3 3
4 2 . 1 5 6
9 9 . 9 5
2 2 . 8 3
6 1 5 . 2 3  
8 . 8 8 6  
0 . 7 6 7
4 4 0 . 0 0
1 3 7 . 2 4  
2 9 7 7 . 2 2
0 . 2 3 7  
0 . 3 5 2 1  
0 . 5 4 2  
3 4 0 . 4  
2 3 . 7  
9 5 . 0  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5




3 1 4 ,
1 2 0 ,
















0 7 0 5
1 8 3






6 8 9 0 . 6
2 . 9 5 8
3 3 . 8 6 3
8 1 . 9 5
1 1 3 . 5 3
4 3 8 . 8 7
0 . 7 4 0
3 4 9 6 6 . 7  
2 . 8 5 4  
3 4 . 2 2 4  
5 9 . 3 2  
1 6 . 1 9  
5 5 7 . 8 9  
8 . 8 8 6  
0 . 7 5 C  
4 4 0 . 0 0  
8 9 .  18  
1 9 3 4 . 7 7  
0 . 2 4 7  
0 . 3 3 8 1  
0 . 3 6 7  
3 4 3 . 1  
1 8 . 7  
7 9 . 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5
7 9 1 . 5 6 1 3 3 5 . 0 3 1 2 1 3 . 1 2 1 0 5 3 . 2 1 8 1 8 . 3 5
1 . 9 9 4 4 . 1 4 3 3 . 4 4 8 2 . 7 2 9 1 . 9 4 1
3 4 . 0 8 6 3 3 . 1 2 2 3 5 . 8 7 8 3 7 . 3 5 4 3 5 . 4 1 9
0 . 8 5 5 0 . 8 5 3 0 . 8 5 3 0 . 8 5 4 0 . 8 5 5
3 4 0 . 4 8 1 3 2 4 . 3 2 0 3 1 5 . 1 8 9 3 1 1 . 7 1 4 3 3 2 . 5 2 1
6 0 . 0 2 2 4 0 . 0 4 1 8 0 . 8 9 1 2 0 . 5 7 6 0 . 0 4
7 2 4 . 7 8 1 7 1 8 . 9 3 1 4 1 8 . 7 5 1 0 8 9 . 4 5 7 0 1 . 0 6
9 . 0 8 0 9 2 1 . 5 3 3 4 1 7 . 8 5 8 0 1 3 . 7 1 0 1 8 . 7 8 7 1
0 . 2 0 2 0 . 1 9 1 0 . 1 8 1 0 . 1 8 2 0 . 2 0 0
0 . 4 1 3 3 0 . 4 3 7 7 0 . 4 6 0 2 0 . 4 5 7 7 0 . 4 1 7 ;
2 . 5 5 0 5 . 7 1 1 4 . 5 0 4 3 . 4 7 7 2 . 4 4 4
8 6 . 1 4 1 5 8 . 7 1 1 5 2 . 3 3 1 2 0 . 5 7 8 4 . 0 0
7 3 3 . 6 1 8 4 1 . 4 8 7 5 8 . 3 4 7 1 4 . 0 2 7 1 4 . 3 8
6 . 8 8 1 2 5 . 2 5 2 1 9 . 6 0 3 1 3 . 6 8 0 7 . 0 8 5
2 2 . 5 7 1 0 . 0 5 1 1 . 5 2 1 4 . 2 0 2 1 . 9 1
1651 . 4 9 4 4 5 . 1 8 2 8 0 . 8 6 7 5 3 . 6 4 5 1 0 . 7
2 . 1 1 2 4 . 4 1 7 3 . 6 6 9 2 . 9 0 0 2 . 0 6 2
2 2 . 4 1 8 4 6 . 8 3 2 4 0 . 7 0 6 3 3 . 1 3 2 2 1 . 6 5 9
3 5 . 5 7 1 7 3 . 1 5 1 2 5 . 1 0 7 8 . 1 7 3 3 . 3 4
7 2 . 9 9 1 7 4 . 9 9 1 4 4 . 2 0 1 1 0 . 4 8 7 0 . 5 5
3 8 9 . 3 8 5 1 4 . 0 4 4 7 7 . 4 3 4 3 5 . 2 8 3 8 6 . 5 7
0 . 7 4 1 0 . 7 0 4 0 . 7 2 1 0 . 7 4 3 0 . 7 3 6
J 7 6 7 . 7 4 7 2 3 2 . 6 4 1 6 3 1 . 1 3 5 7 8 7 . 0 2 7 7 5 1 . 5
2 . 0 0 8 4 . 3 1 3 3 . 5 6 5 2 . 7 9 6 1 . 9 5 8
2 2 . 6 6 4 4 7 . 2 9 8 4 1 . 1 7 1 3 3 . 4 4 1 2 1 . 8 9 9
2 1 . 9 8 1 4 4 . 5 3 9 6 . 8 8 5 6 . 6 7 2 0 . 2 4
7 . 2 9 2 9 . 2 1 2 2 . 2 1 1 5 . 1 2 6 . 9 6
5 0 2 . 6 7 6 9 9 . 4 5 6 1 9 . 5 0 5 5 6 . 6 1 5 0 0 . 9 6
8 . 8 8 6 e . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6
0 . 7 4 1 0 . 7 7 3 0 . 7 6 6 0 . 7 5 8 0 . 7 4 1
4 4 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0
4 2 .  12 1 9 4 . 4 8 1 3 9 . 4 6 9 0 . 3 2 4 2 . 6 1
9 1 3 . 6 5 3 7 1 2 . 8 2 2 6 6 2 . 3 4 1 7 2 4 . 2 7 8 1 3 . 3 9
0 . 2 8 8 0 . 2 3 5 0 . 2 3 5 0 . 2 4 3 0 . 2 8 2
0 . 2 9 0 0 0 . 3 5 4 6 0 . 3 5 4 8 0 . 3 4 2 8 0 . 2 9 6 :
0 . 2 0 2 0 . 7 6 2 0 . 5 4 6 0 . 3 6 6 0 . 2 0 0
3 4 5 . 8 3 5 7 . 2 34  0 . 4 3 4 3 . 2 3 4 5 . 9
1 4 . 6 2 9 . 3 2 3 . 5 1 8 . 3 1 4 . 4
6 5 . 4 9 4 . 5 8 3 . 3 7 1 . 6 5 5 . 5
0 .  1 0 3 4 5 0 .  1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5
0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5
0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
T a b l e - 5 . 2a
CUMMINS L10 f> C C
NUMBER OF CYLINDERS 
CON-ROD LENCTII ( M . M . )
AMBIENT TEMPERATURE ( DEG K 
COMPRESSION RATIO
40 30 23
6 . 0  
2 1 7 . 7 8  
) 2 9 4 . 4  
1 6 . 3 0
  COMPRESSOR GEAR RATIO
BORE ( M . M . )  1 2 5 . 0 3
I NLET VALVE CLOSING ( DEGS ) 1 9 3 . 0
AMBIENT PRESSURE ( BAR ) 0 . 9 9
ENGINE DIAGRAM TACTOR 0 . 9 5 0 0
9 . 5 5 0 0 OUTPUT SHAFT GEAR RATIO
STROKE ( M . M. )
COMPRESSOR SCALE FACTOR 
COOLER EFFECTI VENESS 
TURBINE FLOH LOSS FACTOR
1 . 4 4 5 0  ----------
( DEG K)
( K N .  ) 
N . M .  ) 
( BAR ) 
( KG/KW HR )
(
ENGINE S P E E D C R . P . M )
BOOST PRESSURE RATIO 





B . M . E . P  
S . F . C .
□.THERMAL E r F .
FUEL /  REV ( KG. )
MAX CYL PRESSURE ( BAR . )  
EXHAUST TEMPERATURE(DEC K ) 
MASS FLOW ( K G / MI N)  
PERCENTAGE HEAT TO COOLANT
COMPRESSOR SPEED ( R . P . M . )  
COMPRESSOR PRCSSURE RATIO 
MASS FLOW ( K G / M I N )
COMPRESSOR POWER ( KW. )
COMPRESSOR TORQUE ( N . M)  
DELIVERY TEMPERATURE (DEG K)  
COMPRESSOR E F F I C I E N CY
TURBINE SPEED ( R . P . M )  *
TURBINE PRESSURE RATIO 
MASS ELOW ( K G / M I N)
TURDINE POWER (KW)
TURBINE TORQUE ( N . M )
INLET TEMPERATURE (DEC K) 
TURBINE NOZZLE ANGLE 
TURBINC E F F I C I E N CY  
OUTPUT SHAFT SPEED (RPM)  
OUTPUT SHAFT POWER (KW)
OUTPUT SHAFT TORQUE ( N . / K )  
OUTPUT SHAr T S r C  ( K G / K W . H R )  
OUTPUT THERMAL E F F I C I E N CY  
ENGINE TUEL FLOW ( K C / M I N )  
DYNAMIC I N J E C T I O N ( DCCREE CA) 
DURATION Or  I N J EC TI O N  
TURBINE GEAR RATIO 
PRESSURE LOSS IN P I T E  A ( BAR)
PRESSURC LOSS If.' P I P E  B ( PAR)
p r e s s u r e  t .n s s  if:  p i r r  c ( b a d
PRESSURC LOSS I f :  P I P E  D ( BAR)




3 2 4 .
2 4 0 .





1 5 8 .










5 1 1 6
1 97










3 1 4 .
1 8 0 ,





1 3 1 .










0 6 7 9
1 9 5






7 9 0 6 . 7
3 . 8 1 7
3 8 . 2 7 4
1 2 4 . 3 3
1 5 0 . 1 0
4 8 7 . 7 4
0 . 7 0 8
4 6 5 1 2 . 9  
3 . 7 1 3  
3 9 . 0 1 4  
1 1 4 . 8 0  
2 3 . 5 6  
7 4 7 . 0 8  
8 . 8 8 6  
0 . 7 6 7  
1 0 5 0 . 0 0  
2 1 4 . 6 1  
1 9 5 0 . 9 4  
0 . 2 2 0  
0 . 3 7 8 7  
0 . 7 8 8  
3 3 7 . 7  
2 7 . 6  
4 4 . 3  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5




3 0 4 .
120.















0 8 5 5
191






6 7 2 9 . 3
3 . 1 4 3
3 2 . 6 0 6
8 6 . 2 2
1 2 2 . 3 0
4 5 2 . 1 4
0 . 7 2 2
4 0 1 2 6 . 3  
3 . 0 3 9  
3 3 . 1 4 3  
7 4 . 4 6  
1 7 . 7 1  
6 7 7 . 2 4  
8 . 8 8 6  
0 . 7 6 0  
1 0 5 0 . 0 0  
1 5 6 . 6 3  
1 4 2 3 . 9 3  
0 . 2 2 4  
0 . 3 7 2 9  
0 . 5 8 4  
3 4 0 . 3  
2 2 . 6  
3 8 . 2  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5
5 4 7 9 . 7
2 . 4 7 4
2 6 . 3 3 5
5 1 . 1 4
8 9 . 0 9
4 1 0 . 5 4
0 . 7 5 0
3 2 6 9 2 . 3  
2 . 3 7 0  
2 6 . 7 6 7  
3 9 . 5 8  
1 1 . 5 6  
5 8 8 . 6 8  
8 . 8 8 6  
0 . 7 5 2  
1 0 5 0 . 0 0  
1 0 0 . 2 7  
9 1 1 . 5 3  
0 . 2 2 9  
0 . 3 6 3 6  
0 . 3 8 3  
3 4 3 . 4  
1 7 . 2  
3 1 . 1  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 .  1 0 3 4 5
1 0 6 4 . 4 3  
1 . 6 0 2  
4 3 . 0 0 3  
0 . 8 5 4  
3 0 0 . 6 5 9  
6 0 . 1 6  
5 3 8 . 9 8  
6 . 7 6 8 3  
0 . 1 9 5  
0 . 4 2 8 2  
1 . 8 3 5  
6 9 . 9 7  
6 2 9 . 0 5  
8 . 3 9 9  
1 8 . 5 6
3 2 2 5 . 8
1 . 7 4 2
1 4 . 5 1 3
1 8 . 2 3
5 3 . 9 3
3 6 9 . 6 6
0 . 6 7 5
2 5 1 1 5 . 4  
1 . 6 3 8  
1 4 . 7 1 8  
8 . 9 6  
3 . 4 1  
5 2 4 . 6 8  
8 . 8 8 6  
0 . 7 0 9  
1 0 5 0 . 0 0  
4 6 . 1 5  
4 1 9 . 5 6  
0 . 2 5 4  
0 . 3 2 8 5  
0 . 1 9 5  
3 4 6 . 0  
1 3 . 3  
2 3 . 9  
0 . 1 0  3 4 5  
0 . 1 0 3 4 5  
0 . 1 0  3 4 5  
0 . 1 0 3 4 5




3 2 3 .
2 4 0 .





1 3 6 ,  










0 3 2 3
2 0 3






1 6 9 5 .  
2 ,  
3 2 .  
0. 
3 1 4 ,  
1 8 0 ,  





1 1 4 ,  
8 3 9 ,  









7 2 3 6
2 0 5






6 5 5 5 . 2  
3 . 3 2 8  
3 1 . 2 1 9  
8 9 . 1 9  
1 2 9 . 8 8
4 6 4 . 7 0  
0 . 7 0 7
4 5 9 7 9 . 7
3 . 2 2 4
3 1 . 9 8 6
9 2 . 1 3
1 9 . 1 3
8 1 8 . 7 0  
6 . 8 8 6  
0 . 7 6 1
1 6 0 0 . 0 0  
2 2 7 . 5 6  
1 3 5 7 . 5 8  
0 . 2 1 5  
0 . 3 8 8 8  
0 . 8 1 4  
3 3 9 . 0  
2 6 . 0  
2 8 . 7  
0 .  1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5




3 0 4 ,
1 1 9 ,
















2 1 3 6
2 0 9






5 6 1 7 . 3
2 . 7 8 6
2 6 . 6 8 6
6 0 . 4 7
1 0 2 . 7 6
4 2 9 . 7 6  
0 . 7 4 0
4 2 3 7 9 . 0  
2 . 6 8 2  
2 7 . 2 5 3  
5 9 . 5 4  
1 3 . 4 1  
7 4 8 . 8 6  
8 . 8 8 6  
0 . 7 5 3  
1 6 0 0 . 0 0  
1 6 7 . 1 8  
9 9 7 . 3 5  
0 . 2 2 1  
0 . 3 7 7 8  
0 . 6 1 5  
3 4 0 . 9  
21 . 5  
2 6 . 5  
0 .  1 0 3 4 5  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 .  10 3 4 5
1 3 5 1 .  
1. 
4 4 ,  
0. 
2 9 6 ,  
5 9 ,  
4 2 4 .  




6 2 .  
6 4 2 ,  
9 ,  
17 ,
1 3 6 . 0 0
1 . 1 0
0 . 8 3 3 9








3 0 5 9
2 1 4






4 2 6 4 . 2
2 . 1 8 6
2 0 . 0 2 8
3 3 . 2 3
7 4 . 3 7
3 9 3 . 6 9
0 . 7 4 5
3 4 9 9 3 . 3  
2 . 0 8 2  
2 0 . 4 4 6  
2 8 . 5 9  
7 . 8 0  
6 8 0 . 2 3  
6 . 8 8 6  
0 . 7 3 9  
1 6 0 0 . 0 0  
1 0 6 . 9 1  
6 3 7 . 8 1  
0 . 2 3 3  
0 . 3 5 7 5  
0 . 4 1 6  
3 4 2 . 8  
1 7 . 4  
2 1 . 9  
0 . 1 0 3 4 5  
0 . 1 0 3 4 5  
0 .  1 0 3 4 5  
0 . 1 0 3 4 5
2 3 3 3 . 4
1 . 5 7 4  
9 . 4 7 2
1 0 . 3 1
4 2 . 1 6
3 6 1 . 4 3  
0 . 6 2 7
2 7 6 1 5 . 5
1 . 5 7 4  
1 1 . 5 5 9
7 . 1 7
2 . 4 8
6 4 2 . 4 3  
8 . 8 8 6  
0 . 6 7 2
1 6 0 0 . 0 0
5 1 . 2 7
3 0 5 . 8 7
0 . 2 5 0
0 . 3 3 3 2
0 . 2 1 4  
3 4 5 . 4  
1 2 . 9  
1 7 . 3  
0 . 1 0 3 4 5  
0 .  1 0 3 4 5  
0 .  1 0 3 4 5  
0 . 1 0 3 4 5
T a b le - 5 .2 b
CUMMINS L 10 D C r
N U M O E R  O F  C Y L I N D E R S  6 . 0
C O N - R O D  L E N G T H  (  M . M . )  2 1 7 . 7 0
A M B I E N T  T E M P C R A T U R E  (  DE G  K ) 2 9 < l . 9
C O M P R E S S I O N  R A T I O  1 6 . 3 0
  C O M P R E S S O R  G E A R  R A T I O
B O R E  (
I N L E T  V A L V E  C L O S I N G  ( 
A M B I E N T  P R E S S U R E  (
E N G I N E  D I A G R A M  E A C T O R
9 . 5 5 0 0
(
K W. ) 
N . M .  )
(  B A R  )  
(  K G / K W  HP  )
E N G I N E  S P E E D ( R . P . M )
B O O S T  P R E S S U R E  R A T I O  
D E L I V E R E D  A I R  T O  E U E L  R A T I O  
D E L I V E R Y  R A T I O  
M A N I F O L D  T E M P  ( D E G  K )
E N G I N E  P O W E R  (
E N G I N E  T O R Q U E  
B . M . E . P  
S . F . C .
B . T H E R M A L  E E F .
E U E L  /  R E V  (  K G .  )
MA X  C Y L  P R E S S U R E  ( B A R  . )  
E X H A U S T  T E M P E R A T U R E ( D E G  K )  
M A S S  E L O W  ( K G / M I N )
P E R C E N T A G E  H E A T  TO C O O L A N T
C O M P R E S S O R  S P E E D  ( R . P . M . )  
C O M P R E S S O R  P R E S S U R E  R A T I O  
M A S 3  E L O W  ( K G / M I N )
C O M P R E S S O R  P O U C R  ( K W .  )  
C O M P R E S S O R  T O R Q U E  ( N . M )  
D E L I V E R Y  T E M P E R A T U R E  ( D E G  K )  
C O M P R E S S O R  E F F I C I E N C Y
T U R B I N E  S P E E D  ( R . P . M )  •
T U R B I N E  P R E S S U R E  R A T I O  
M A S S  E L O W  ( K G / M I N )
T U R B I N E  P O W E R  ( K W )
T U R B I N E  T O R Q U E  ( N . M )
I N L C T  T E M P C R A T U R E  ( P E G  K )  
T U R B I N E  N O Z Z L E  A N C L E  
T U R B I N E  E F F I C I E N C Y  
O U T P U T  S H A F T  S P C E D  ( R P M )  
O U T P U T  S H A F T  P O W E R  ( K U )
O U T P U T  S H A F T  T O R O U F  ( N . / M )  
O U T P U T  S H A F T  S E C  ( K G / K W . H R )  
O U T P U T  T H E R M A L  E F F I C I E N C Y  
E N G I N E  E U E L  F L O W  ( K C / M I N )  
D Y N A M I C  I N J C C T I O N ( D E G R E C  C A )  
D U R A T I O N  O F  I N J E C T I O N  
T U R B I N E  G E A P  R A T I O  
P R E S S U R C  L O S S  I N  P I P E  A ( B A P )
P R E S S U R E  L O S S  I N  P I P E  B ( R A I )
P R E S S U R E  L O S S  I N  P I P C  C ( R A E )
P R E S S U R E  L O S S  I f !  P I P F  D ( R A E )




3 2 1 .
2 9 0 .





1 2 6 .










8 1 9 7
2 0 7






5 9 6 8 . 2
3 . 1 2 2
2 8 . 2 3 7
7 5 . 2 7
1 2 0 . 3 8
9 5 3 . 9 1
0 . 7 1 1
9 5 5 9 9 . 1  
3.0 1 8 
2 9 . 0 3 0  
8 2 . 8 3  
1 7 . 3 6  
0 6 0 . 5 5  
8 . 8 8 6  
0 . 7 5 9  
1 9 0 0 . 0 0  
2 3 2 . 9 8  
1 1 6 7 . 9 3  
0 . 2 1 3  
0 . 3 9 1 0  
0 . 8 2 7  
3 3 9 . 9  
2 5 . 2  
2 9 . 0  
0 . 1 0 3 9 5  
0 . 1 0 3 9 5  
0 . 1 0 3 9 5  
0 . 1 0 3 9 5




3 1 3 ,
1 8 0 ,





1 0 6 ,










6 8 9 5
2 0 8










3 0 5 .
1 2 0 ,






7 7 7 ,
1 5 ,
1 3 .
5 0 6 2 . 2
2 . 6 3 2
2 3 . 7 8 5
5 0 . 0 3
9 9 . 3 3
9 2 0 . 1 1
0 . 7 9 7
9 9 2 9 3 . 8  
2 . 5 2 7  
2 9 . 9 9 0  
5 2 . 1 9  
1 1 . 2 5  
7 9 1 . 9 3  
8 . 8 8 6  
0 . 7 9 1  
1 9 0 0 . 0 0  
1 7 0 . 1 3  
8 5 9 . 7 2  
0 . 2 2 0  
0 . 3 7 8 3  
0 . 6 2 5  
3 9 1 . 6  
2 1 . 0  
2 3 . 3  
0 . 1 0 3 9 5  
0 . 1 0 3 9 5  
0 . 1 0 3 9 5  
0 . 1 0 3 9 5
M . M . )  1 2 5 . 0 3
D E G S  )  1 9 3 . 0
B A R  )  0 . 9 9
0 . 9 0 0 8  
O U T P U T  S H A F T  GEAF
38  32 2 3
S T R O K E  (  M . M . )  1 3 6 . 0 0
C O M P R E S S O R  S C A L E  F A C T O R  1 . 1 0
C O O L E R  E F F E C T I V E N E S S  0 . 7 8 7 0
T U R B I N E  F L O W  L O S S  F A C T O R  0 . 8 0 0 0








9 1 8 5
2 1 9






1 5 6 5 ,  
1, 
9 2 ,  
0, 
2 9 5 ,  
5 9 ,  
3 6 6 ,  




5 7 .  










5 9 5 6
2 3 6










3 1 8 .
2 3 9 .





1 1 7 ,










6 9 9 8
210






















. 2 0 5
, 7 9 7
. 8 5 1
, 7 9 1
.02
, 5 1
, 7 5 3 9
.212
, 3 9 2 7
, 1 7 9
. 2 7
, 9 3
, 9 0 1
, 01




3 0 9 ,
1 1 9 .
















6 6 0 6
220






3 7 5 3 . 7
2 . 0 5 7
1 7 . 2 2 9
2 6 . 5 6
6 7 . 5 9
3 8 6 . 7 0
0 . 7 3 2
3 9 9 2 5 . 2  
1 . 9 5 3  
1 7 . 6 8 5  
2 3 . 8 5  
6 . 5 2  
7 3 8 . 1 9  
8 . 8 8 6  
0 . 7 3 9  
1 9 0 0 . 0 0  
1 0 8 . 5 5  
5 9 5 . 3 6  
0 . 2 3 6  
0 . 3 5 2 8  
0 . 9 2 8  
3 9 3 . 1  
1 7 . 3  
1 8 . 9  
0 . 1 0 3 9 5  
0 . 1 0 3 9 5  
0 . 1 0 3 9 5  
0 . 1 0 3 9 5
2 3 8 8 . 9  
1 . 9 5 2  
9 . 9 1 7  
9 . 1 2  
3 6 . 9 2  
3 5 9 . 6 7  
0 . 6 0 9
1 9 5 6 7 . 9  
1 . 9 5 2  
1 1  . 0 9 9  
5 . 2 1  
3 . 9 1  
6 7 2 . 8 3  
8 . 8 8 6  
0 . 6 8 7  
1 9 0 0 . 0 0  
9 9 . 9 9  
2 5 1 . 1 5
5 9 9 5 . 6
2 . 9 5 7
2 5 . 8 2 7
6 3 . 9 2  
1 1 1 . 0 2  
9 9 2 . 1 3
0 . 7 2 3
9 9 5 9 9 . 3
2 . 8 5 2
2 6 . 6 5 7
7 5 . 9 2  
1 6 . 1 6
9 0 1  . 6 6  
8 . 8 8 6  
0 . 7 5 6  
2 2 0 0 . 0 0  
2 3 6 . 1 6  
1 0 2 9 . 6 7
9 6 0 5 . 8
2 . 9 7 2
2 1 . 5 1 9
9 1 . 8 1
8 6 . 6 9
9 1 0 . 5 7
0 . 7 9 9
9 0 6 7 3 . 9
2 . 3 6 8
2 2 . 1 7 1
9 6 . 8 9
1 0 . 9 9
8 3 7 . 7 5
8 . 8 8 6
0 . 7 5 0
2 2 0 0 . 0 0
1 7 2 . 7 8
7 9 9 . 6 9
3 3 7 3 . 6
1 . 9 1 3
1 5 . 1 9 8
2 1 . 5 8
6 1 . 0 6
3 8 7 . 0 2
0 . 7 0 7
3 1 0 3 6 . 7  
1 . 8 0 9  
1 5 . 9 1 1  
1 9 . 2 2  
5 . 9 1  
7 9 0 . 9 2  
8 . 8 8 6  
0 .  7 9 1  
2 2 0 0 . 0 0  
1 0 8 . 9 9  
9 7 0 . 6 9
1 7 8 1 . 6 8  
1 . 2 9 8  
3 6 . 1 2 6  
0 . 8 9 9  
2 9 7 . 8 0 3
7 1 . 9 1  
3 8 3 . 8 0
9 . 8 0 0 1
0 . 2 9 2
0 . 3 9 9 9
1 . 6 1 5
5 7 . 8 3
7 1 3 . 3 7  
1 1 . 9 2 1
1 6 . 9 2
2 9 7 5 . 3
1 . 9 7 9
1 0 . 3 9 8
9 . 8 6
3 8 . 0 1
3 8 5 . 7 1
0 . 6 1 0
1 8 8 7 8 . 9
1 . 9 7 9  
1 0 . 7 0 6  
6 . 0 9  
3 . 0 8
7 1 3 . 3 7  
8 . 8 8 6  
0 . 7 2 6
2 2 0 0 . 0 0  
6 0 . 6 9  
2 6 3 . 0 8
0 . 2 8 1 0 . 2 1 3 0 . 2 2 1 0 . 2 9 3 0 . 2 8 5
0 . 2 9 7 2 0 . 3 9 1 5 0 . 3 7 6 9 0 . 3 9 2 7 0 . 2 9 2 8
0 . 2 3 9 0 . 8 3 9 0 . 6 3 7 0 .  9  9 0 0 . 2 8 8
3 9 9 . 7 3 9 0 . 9 3 9 2 . 9 3 9 3 . 6 3 9 9 . 6
1 3 . 7 2 9 . 7 2 1 . 0 1 7 . 9 1 9 . 8
7 . 7 2 0 . 2 1 8 . 5 1 9 . 1 8 . 6
0 .  1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5
0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5
0 .  1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5
0 . 1 0 3 9 5 0 .  1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5 0 . 1 0 3 9 5
T a b l e - 5 .2 c
T a b l e - 5 .3  New map, red u ced  Pa(O .8415bar) <
CUMMINS L 10 0 C 1 32 27  20 0
number  o f  c y l i n d e r s 6 . 0 b o r e ( m . m . )  125 . 0 3  s t r o k e ( m. m . )  136.1
C o n - r o d  l e n g t h  ( m . m . ) 2 1 7 . 7 f t i n l e t  v a l v e c l o s i n g  ( de gs  ) 193 . 0  c o m p r e s s o r  s c a l e  f a c t o r l . l i
a m b i e n t  t e m p e r a t u r e  ( deg k ) 2 9 4 . 0 a ui b i e n t  p r e s s u r e  ( b a r  ) 0 . 8 0  c o o l e r  e f f e c t i v e n e s s 0.1
c o m p r e s s i o n  r a t i o 1 6 . 3 0 e n g i n e  d i a g r a m  f a c t o r 0 . 9 9 0 0  t u r b i n e  f l o w l o s s  f a c t o r 0.1
- - - - -  c o m p r e s s o r  g e a r  r a t i o 9 . 5 5 0 0 o u t p u t  s h a f t  g e a r  r a t i o  1 . 0 0 5 0  - — - -
e n g i n e  s p e e d ( r . p . m ) 1 3 8 7 . 5 2 1 2 5 3 . 5 1 1 0 7 3 . 0 7 8 3 5 . 9 0 1 0 0 5 . 8 0 1 2 7 0 . 6 1 1 0 9 7 . 1 0 8 6 1 . 0 6
b o o s t  p r e s s u r e  r a t i o 0 . 6 7 0 3 . 8 8 9 3 . 0 5 1 2 . 1 5 2 0 . 5 9 0 3 . 8 2 3 2 . 9 8 5 2 . 0 9 5
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 1 . 7 0 1 3 0 . 5 2 6 3 5 . 0 6 7 3 3 . 3 1 5 3 1 . 3 8 0 3 0 . 3 3 7 3 5 . 0 7 0 3 0 . 0 6 2
d e l i  v e r y  r a t  i o 0 . 8 5 3 0 . 8 5 3 0 . 8 5 0 0 . 8 5 5 0 . 8 5 3 0 . 8 5 3 0 . 8 5 0 0 . 8 5 0
m a n i f o l d  temp ( deg k) 3 3 1 . 2 1 0 3 1 9 . 9 3 9 3 1 3 . 9 9 2 3 3 0 . 7 5 0 3 3 1 . 2 0 1 3 1 9 . 8 8 6 3 1 2 . 5 8 3 3 2 7 . 5 0 0
e n g i n e  p o w e r  ( k w.  ) 2 0 0 . 3 0 1 8 0 . 7 0 1 2 0 . 5 0 6 0 . 0 1 2 0 0 . 2 7 1 8 0 . 6 9 1 2 0 . 0 9 6 0 . 0 3
e n g i n e  t o r q u e  ( n . m .  ) ) 1 6 5 3 . 9 0 1 3 7 3 . 0 0 1 0 6 3 . 3 8 6 3 6 . 3 0 1 6 3 2 . 0 0 1 3 5 0 . 3 1 1 0 4 5 . 8 2 6 6 5 . 9 7
b . m . e . p  ( b a r  ) 2 0 . 7 0 0 9 1 7 . 2 6 8 3 1 3 . 0 0 3 2 8 . 5 9 7 8 2 0 . 0 6 8 9 1 6 . 9 7 7 0 1 3 . 1 5 1 9 8 . 3 0 5 8
S . f . C .  ( k g / k w  h r  ) 0 . 1 9 0 0 . 1 8 0 0 . 1 8 5 0 . 2 0 3 0 . 1 9 5 0 .  185 0 .  185 0 . 2 0 2
b . t h e r m a l  e f f . 0 . 0 3 1 0 0 . 0 5 2 5 0 . 0 5 2 0 0 . 0 1 0 2 0 . 0 2 8 0 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 1 3 6
f u e l  /  r e v  ( k y .  ) 5 . 5 8 6 0 . 0 2 9 3 . 0 5 2 2 . 0 3 3 5 . 5 0 5 0 . 3 7 9 3 . 3 8 9 2 . 3 0 2
max c y l  p r e s s u r e  ( b a r  . ) 1 5 8 . 3 8 1 0 6 . 5 6 1 1 5 . 1 2 7 9 . 6 8 1 5 6 . 9 9 1 0 0 . 2 9 1 1 2 . 7 0 7 7 . 8 0
e x h a u s t  t e m p e r a t u r e C d e g  k ) 8 7 0 . 3 8 7 3 2 . 3 1 7 3 6 . 3 5 7 3 8 . 0 1 8 7 7 . 1 0 7 8 6 . 5 8 7 3 6 . 5 1 7 2 0 . 7 1
mass f l o w  ( k g / m i n ) 2 0 . 5 6 9 1 9 . 1 6 8 1 3 . 1 0 0 6 . 7 7 0 2 0 . 0 6 6 1 9 . 1 6 6 1 3 . 1 9 1 6 . 9 5 3
p e r c e n t a g e  h e a t  t o  c o o l a n t 1 0 . 3 2 1 1 . 7 8 1 4 . 6 1 2 2 . 5 0 1 0 . 3 0 1 1 . 7 7 1 0 . 5 0 2 1 . 9 0
c o m p r e s s o r  s p e e d  ( r . p . m . ) 1 0 3 0 2 . 9 9 0 6 3 . 1 7 3 0 3 . 7 5 0 7 0 . 9 1 0 1 2 0 . 9 8 8 6 8 . 0 7 1 7 3 . 2 0 9 2 2 . 0
c o m p r e s s o r  p r e s s u r e  r a t i o 0 . 9 9 7 0 . 1 5 5 3 . 2 5 0 2 . 2 9 5 0 . 9 1 7 0 . 0 9 0 3 . 1 8 9 2 . 2 0 1
mass f l o w  ( k g / m i n ) 0 3 . 8 7 5 3 8 . 0 0 7 3 0 . 6 0 1 2 0 . 8 2 6 0 2 . 9 0 8 3 7 . 0 9 6 2 9 . 8 5 9 2 0 . 1 8 9
c o m p r e s s o r  p o we r  ( kw.  ) 1 8 2 . 0 0 1 3 2 . 0 5 8 3 . 3 8 3 6 . 7 0 1 7 6 . 1 5 127 .Oi l 7 9 . 6 7 3 0 . 5 5
c o m p r e s s o r  t o r c u e  ( n . m ) 1 6 8 . 3 0 1 3 9 . 0 9 1 0 3 . 3 7 6 9 . 1 0 1 6 6 . 1 3 1 3 7 . 1 7 1 0 6 . 0 1 6 7 . 0 0
d e l i v e r y  t e m p e r a t u r e  ( d e g  k) 5 0 0 . 8 8 501 . 3 9 0 5 6 . 8 9 3 9 9 . 9 5 5 3 7 . 8 5 0 9 8 . 7 1 0 5 3 . 5 0 3 9 6 . 8 1
c o m p r e s s o r  e f f i c i e n c y 0 . 6 9 1 0 . 7 1 1 0 . 7 2 6 0 . 7 0 9 0 . 6 9 1 0 . 7 1  1 0 . 7 2 6 0 . 7 0 8
t u r b i n e  s p e e d  ( r . p . m ) 0 9 7 3 1 . 3 0 0 0 0 5 . 5 3 8 1 5 1 . 5 2 9 3 6 2 . 0 0 9 6 3 6 . 0 0 0 3 2 3 . 1 3 7 8 5 7 . 0 2 8 1 5 3 . 8
t u r b i n e  p r e s s u r e  r a t i o 0 . 8 7 5 0 . 0 3 2 3 . 1 3 1 2 . 1 7 2 0 . 7 9 5 3 . 9 6 7 3 . 0 6 7 2 . 1 1 9
mass f l o w  ( k g / v i n ) 0 0 . 2 2 0 3 8 . 5 2 5 3 1 . 0 2 9 2 1 . 0 0 0 0 3 . 2 6 5 3 7 . 7 2 0 3 0 . 2 8 5 2 0 . 0 2 6
t u r b i n e  po we r  ( k w ) 1 5 2 . 7 1 1 0 3 . 6 0 6 0 . 9 3 2 3 . 0 8 1 0 9 . 2 1 1 0 1 . 0 6 5 8 . 5 0 2 1 . 8 0
t u r b i n e  t o r q u e  ( n . m ) 2 9 . 3 1 2 2 . 2 8 1 5 . 2 0 7 . 6 3 2 8 . 6 9 2 1 . 7 6 1 0 . 7 5 7 . 3 9
i n l e t  t e m p e r a t u r e  ( d e g  k) 7 3 0 . 5 2 6 0 9 . 9 5 5 8 3 . 5 6 5 1 7 . 7 7 7 0 0 . 8 1 6 5 0 . 7 1 5 8 5 . 3 3 5 1 5 . 7 7
t u r b i n e  n o z z l e  a n g l e 8 . 8 8 6 8 . 8 8 6 3 . 3 8 6 8 . 8 3 6 8 . 3 8 6 8 . 8 8 6 8 . 8 8 6 6 . 8 8 6
t u r b i n e  e f f i c i e n c y 0 . 7 7 7 0 . 7 7 0 0 . 7 6 1 0 . 7 0 8 0 . 7 7 6 0 . 7 7 0 0 . 7 6 0 0 . 7 0 7
o u t p u t  s h a f t  s p e e d  ( r p m ) 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( k w ) 1 9 2 . 8 7 1 3 8 . 0 1 8 9 . 1 3 0 2 . 3 1 1 9 5 . 7 6 1 0 0 . 9 1 9 0 . 0 7 0 2 . 8 1
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 0 1 8 0 . 0 6 3 0 0 2 . 6 0 1 9 3 3 . 6 8 9 1 7 . 9 0 3 7 3 7 . 2 0 2 6 9 0 . 1 0 1 7 2 7 . 1 2 8 1 7 . 3 0
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 0 1 0 . 2 0 1 0 . 2 0 9 0 . 2 8 8 0 . 2 3 9 0 . 2 3 8 0 . 2 0 7 0 . 2 8 3
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 0 5 9 0 . 3 0 6 6 0 . 3 3 0 3 0 . 2 8 9 3 0 . 3 0 9 1 0 . 3 5 0 9 0 . 3 3 8 2 0 . 2 9 5 0
e n g i n e  f u e l  f l o w  ( k g / a i n ) 0 . 7 7 5 0 . 5 5 5 0 . 3 7 1 0 . 2 0 3 0 . 7 8 0 0 . 5 5 8 0 . 3 7 2 0 . 2 0 2
d y n a m i c  i n J e c t i o n ( d e g r e e  c a ) 3 0 9 . 2 > 3 0 0 . 0 3 0 3 . 2 3 0 5 . 8 3 0 8 . 2 3 0 0 . 5 3 0 3 . 3 3 0 5 . 9
d u r a t i o n  o f  i n j e c t i o n 2 9 . 1 2 3 . 3 1 8 . 3 1 0 . 0 2 9 . 0 2 3 . 2 1 8 . 1 1 0 . 3
t u r b i n e  g e a r  r a t i o 1 1 3 . 0 1 1 0 0 . 9 8 6 . 7 6 6 . 7 9 9 . 3 8 8 . 6 7 5 . 7 5 6 . 3
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 .  1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 .  1 0 3 0 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 .  1 0 3 0 5 0 .  1 0 3 05 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5 0 . 1 0 3 0 5
T a b l e - 5 .3 a
cunr* in s  l  1 o D C C 2 7 2 8  2 0
nu mb er  o f  c y l i n d e r s  6 . 0
c o n - r o d  l e n g t h  ( m . m . )  2 1 7 . 7 8
a m b i e n t  t e m p e r a t u r e  ( deg k ) 2 9 4 . 4
c o m p r e s s i o n  r a t i o  1 6 . 3 0
- - - - -  c o m p r e s s o r  g e a r  r a t i o
b o r e  ( m . m . )  1 2 5 . 0 3
i n l e t  v a l v e  c l o s i n g  ( de gs  ) 1 9 3 . 0
a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 8 4
e n g i n e  d i a g r a m  f a c t o r  0 . 9 4 6 0
9 . 5 5 0 0
S t r o k e  ( m . m . )  1 3 6 . 0 0
c o m p r e s s o r  s c a l e  f a c t o r  1 . 1 0
c o o l e r  e f f e c t i v e n e s s  0 . 8 3 1 2
t u r b i n e  f l o w  l o s s  f a c t o r  0 . 8 0 0 0
o u t p u t  s h a f t  g e a r  r a t i o 1 . 4 4 5 0
e n g i n e  s p e e d ( r . p . m ) 1 6 2 2 . 6 0 1 4 8 6 . 2 0 134 3 . 8 6 1 0 9 1 . 9 1 1 8 5 8 . 7 4 1 7 3 0 . 7 9 1 5 9 7 . 1 4 1 3 6 9 . 7 1
b o o s t  p r e s s u r e  r a t i o 3 . 9 5 5 3 . 2 5 2 2 . 5 2 4 1 . 7 4 5 3 . 4 1 2 2 . 7 9 3 2 . 1 9 7 1 . 5 1 3 (
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 0 . 2 4 6 3 1 . 5 2 6 3 5 . 2 5 5 4 0 . 3 1 5 2 9 . 2 5 4 3 0 . 2 6 6 3 3 . 4 6 7 4 0 . 5 0 5
do l i v e r y  r a t i o 0 . 0 5 2 0 . 8 5 3 0 . 8 5 3 0 . 8 5 4 0 . 8 5 1 0 . 8 5 2 0 . 8 5 2 0 . 8 5 3
m a n i f o l d  temp ( deg k ) 3 3 1 . 6 8 0 3 2 0 . 1 7 0 3 0 7 . 9 4 5 3 0 1 . 1 7 7 3 2 9 . 0 4 3 3 1 9 . 5 4 8 3 0 8 . 3 6 4 2 9 7 . 6 3 9 r
e n g i n e  p o we r  ( k w.  ) 2 4 0 . 1 8 1 8 0 . 1 8 1 2 0 . 0 9 5 9 . 6 5 2 4 0 . 0 0 1 8 0 . 0 0 1 2 0 . 0 2 5 9 . 7 7
e n g i n e  t o r q u e  ( n . m .  ) ) 1 4 1 4 . 2 9 1 1 5 8 . 0 7 8 5 3 . 8 2 5 2 5 . 4 2 1 2 3 4 . 6 2 9 9 4 . 4 2 7 1 8 . 4 2 4 1 8 . 8 5
b . m . e . p  ( b a r  ) 1 7 . 7 2 7 1 1 4 . 5 1 9 5 1 0 . 7 0 2 2 6 . 5 4 1 9 1 5 . 4 6 3 3 1 2 . 4 5 4 7 9 . 0 0 0 0 5 . 2 2 5 8 (
s . f . c .  ( k g / k w  h r  ) 0 . 2 0 1 0 . 2 0 0 0 . 1 9 6 0 . 1 9 9 0 . 2 0 7 0 . 2 0 9 0 . 2 1 3 0 . 2 1 7
b . t h e r m a l  e f f . 0 . 4 1 5 9 0 . 4 1 6 5 0 . 4 2 4 6 0 . 4 1 9 3 0 . 4 0 3 7 0 . 3 9 8 9 0 . 3 9 0 8 0 . 3 8 3 9
f u e l  /  r e v  ( k g .  ) 4 . 9 4 7 4 . 0 4 6 2 . 9 2 6 1 . 8 1 1 4 . 4 4 6 3 . 6 2 4 2 . 6 7 3 1 . 5 8 0 i
max c y l  p r e s s u r e  ( b a r  . ) 1 5 0 . 7 9 1 2 4 . 9 2 9 6 . 3 6 6 5 . 4 0 1 3 0 . 3 2 1 0 7 . 7 3 8 4 . 7 1 5 7 . 3 3
e x h a u s t  t e m p e r e t u r e ( d e g  k ) 9 0 3 . 6 1 8 5 2 . 1 7 7 5 6 . 7 4 6 5 0 . 3 7 9 2 8 . 8 7 8 8 6 . 1 8 8 0 5 . 3 5 6 7 0 . 1 8
mass f l o w  ( k g / m i n ) 2 4 . 2 8 0 1 8 . 9 5 7 1 3 . 8 6 2 7 . 9 7 2 2 4 . 1 7 3 1 8 . 9 8 2 1 4 . 2 8 8 8 . 7 6 6 €
p e r c e n t a g e  h e a t  t o  c o o l a n t 1 0 . 3 9 1 1 . 8 4 1 3 . 9 9 1 9 . 2 0 1 0 . 3 6 1 1 . 8 1 1 3 . 7 5 1 7 . 9 9
c o m p r e s s o r  s p e ed  ( r . p . m . ) 8 5 5 6 . 4 7 2 5 3 . 7 5 8 9 4 . 4 3 4 8 8 . 3 7 1 7 6 . 5 5 9 5 4 . 6 4 6 7 8 . 3 2 5 0 6 . 3 (
c o m p r e s s o r  p r e s s u r e  r a t i o 4 . 2 9 4 3 . 5 2 7 2 . 7 4 4 1 . 9 1 0 3 . 7 6 7 3 . 0 7 8 2 . 4 2 8 1 . 6 9 1
mass f l o w  ( k g / m i n ) 3 5 . 1 9 1 2 9 . 6 8 8 2 4 . 0 4 1 1 3 . 4 8 0 2 8 . 9 2 7 2 3 . 9 9 9 1 8 . 6 9 3 8 . 8 3 4
c o m p r e s s o r  p o we r  ( kw.  ) 1 2 8 . 8 2 3 9 . 2 9 5 3 . 2 3 1 9 . 0 3 9 4 . 2 2 6 2 . 6 8 3 5 . 4 6 1 0 . 8 6 (
c o m p r e s s o r  t o r c u e  ( n . m ) 1 4 3 . 7 0 1 1 7 . 5 0 8 6 . 2 1 5 2 . 0 8 1 2 5 . 3 2 1 0 0 . 4 8 7 2 . 3 5 4 1 . 3 6
d e l i v e r y  t e m p e r a t u r e  ( d e g  k) 5 1 1 . 8 9 4 7 3 . 5 7 4 2 6 . 6 9 3 7 8 . 9 7 4 8 8 . 2 5 4 5 0 . 2 3 4 0 7 . 8 4 3 6 8 . 0 9
c o m p r e s s o r  e f f i c i e n c y 0 . 6 9 5 0 . 7 1 1 0 . 7 4 5 0 . 7 1 0 0 . 6 9 7 0 . 7 1 5 0 . 7 5 0 0 . 6 5 0 (
t u r b i n e  s p e ed  ( r . p . m ) 5 0 2 1 8 . 1 4 4 0 3 1 . 0 3 4 6 4 3 . 3 2 9 3 1 6 . 2 4 9 6 5 6 . 3 4 4 4 3 3 . 1 3 8 2 5 6 . 5 2 6 5 1 5 . 5
t u r b i n e  p r e s s u r e  r a t i o 4 . 1 7 1 3 . 4 0 4 2 . 6 2 1 1 . 7 8 7 3 . 6 4 5 2 . 9 5 6 2 . 3 0 6 1 . 5 6 9 <
mass f l o w  ( k g / s i n ) 3 6 . 0 3 4 3 0 . 3 4 1 2 4 . 5 4 4 1 3 . 7 0 4 2 9 . 8 0 5 2 4 . 6 5 4 1 9 . 0 8 7 9 . 0 4 9
t u r b i n e  p o we r  ( kw) 1 2 1 . 7 2 8 0 . 1 4 4 2 . 8 6 1 0 . 0 8 9 9 . 6 7 6 3 . 5 2 3 2 . 3 3 5 . 3 2
t u r b i n e  t o r q u e  ( n . m ) 2 3 . 1 4 1 7 . 3 7 1 1 . 8 1 3 . 2 8 1 9 . 1 6 1 3 . 6 4 8 . 0 7 1 . 9 2 4
i n l e t  t e m p e r a t u r e  ( d e g  k) 7 9 2 . 3 1 7 2 5 . 5 2 6 2 5 . 2 0 5 4 4 . 9 3 8 6 4 . 1 1 8 0 3 . 9 7 7 1 9 . 6 8 6 6 8 . 0 6
t u r b i n e  n o z z l e  a n g l e 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6
t u r b i n e  e f f i c i e n c y 0 . 7 7 1 0 . 7 6 3 0 . 7 5 3 0 . 6 8 8 0 . 7 6 5 0 . 7 5 8 0 . 7 4 3 0 . 6 7 7 t
o u t p u t  s h a f t  s p e e d  ( r p m ) 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0
o u t p u t  s h a f t  p o we r  ( k w ) 2 1 6 . 4 3 1 5 8 . 6 1 1 0 1 . 2 0 4 6 . 1 8 2 2 9 . 4 9 1 6 8 . 5 2 1 0 8 . 1  1 4 8 . 9 1
o u t p u t  S h a f t  t o r q u e  ( n . / m ) 1 9 6 7 . 5 1 1 4 4 1 . 8 6 9 2 0 . 0 2 4 1 9 . 8 4 1 3 6 9 . 0 9 1 0 0 5 . 3 7 6 4 4 . 9 8 2 9 1 . 8 1 <
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 2 3 0 . 2 2 7 0 . 2 3 3 0 . 2 5 7 0 . 2 1 6 0 . 2 2 3 0 . 2 3 7 0 . 2 6 5
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 7 4 8 0 . 3 6 6 7 0 . 3 5 7 8 0 . 3 2 4 7 0 . 3 8 6 1 0 . 3 7 3 5 0 . 3 5 2 0 0 . 3 1 4 2
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 8 0 3 0 . 6 0 1 0 . 3 9 3 0 . 1 9 8 0 . 8 2 6 0 . 6 2 7 0 . 4 2 7 0 . 2 1 6 <
d y n a m i c  i n j e c t i o n ( d e g r e e  c a ) 3 3 7 . 9 3 4 0 . 2 3 4 3 . 2 3 4 6 . 0 3 3 9 . 3 3 4 1 . 0 3 4 2 . 8 3 4 5 . 3
d u r a t i o n  o f  i n j e c t i o n 2 7 . 3 2 2 . 7 1 7 . 3 1 3 . 2 2 5 . 8 2 1 . 6 1 7 . 6 1 3 . 0
t u r b i n e  g e a r  r a t i o 4 7 . 8 4 1 . 9 3 3 . 0 2 7 . 9 3 1 . 0 2 7 . 8 2 3 . 9 1 6 . 6 C
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 .  10 3 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 <
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 .  1 0 3 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5
T a b le - 5 .3 b
cuM»*ir;s L to  d c r:
n u m l e r  o f  c y l i n d e r s  6 . 0
c o n - r o c  l e n g t h  ( a . m . )  2 1 7 . 7 8
a m b i e n t  t e m p e r a t u r e  ( deg k ) 2 9 4 . 4
c o m p r e s s i o n  r a t i o  1 6 . 3 0
- - - - -  c o m p r e s s o r  g e a r  r a t i o
e n g i n e  s p e e d ( r . p . m )  1 ° 9 6 ,
b o o s t  p r e s s u r e  r a t i o  3,
d e l i v e r e d  a i r  t o  f u e l  r a t i o  23,
d e l i  v e r y  r a t  i o  0,
m a n i f o l d  temp ( deg k )  3 26 ,
e n g i n e  p o w e r  ( k w.  ) 23d ,
e n g i n e  t o r q u e  ( n . m .  ) )  114 9 ,
b . m . e . p  ( b a r  ) 14,
s . f . c .  ( k . j / kw  h r  ) 0,
b .  t h e r m  I e f f ,  0,
f u e l  /  r e v  ( k g .  ) 4.
max c y l  p r e s s u r e  ( b a r  . )  120 ,
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 9 4 0 ,
mass f l o w  ( k g / m i n )  24 ,
p e r c e n t a g e  h e a t  t o  c o o l a n t  10,
34 68 84
m . m . )b o r e  (
i n l e t  v a l v e  c l o s i n g  ( d e g s  ) 
a m b i e n t  p r e s s u r e  ( b a r  ) 
e n g i n e  d i a g r a m  f a c t o r  
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10.
s t r o k e  ( m . m . )
c o m p r e s s o r  s c a l e  f a c t o r  
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c o m p r e s s o r  s pe ed  ( r . p . m . )  6 5 0 6 . 6  5 4 5 9 . 4  4 1 4 9 . 9  2 5 1 0 . 4  5 8 8 9 . 6  4 9 5 4 . 0  3 7 5 5 . 9  2 6 3 3 . 3
c o m p r e s s o r  p r e s s u r e  r a t i o  3 . 5 2 3  2 . 9 0 6  2 . 2 8 4  1 . 5 5 5  3 . 2 9 7  2 . 7 7 1  2 . 1 4 5  1 . 5 8 3
mass f l o w  ( k g / m i n )  2 5 . 9 6 9  2 1 . 8 3 1  1 6 . 3 5 7  8 . 9 4 4  2 3 . 3 4 8  1 9 . 5 7 1  1 4 . 5 7 9  9 . 5 3 2
c o m p r e s s o r  p o we r  ( kw.  ) 7 9 . 4 6  5 2 . 6 4  2 8 . 6 8  9 . 4 4  6 7 . 1 0  4 4 . 2 0  2 3 . 6 6  1 0 . 3 7
c o m p r e s s o r  t o r c u e  ( n . m )  1 1 6 . 5 7  9 2 . 0 3  6 5 . 9 7  3 5 . 8 9  1 0 8 . 7 4  8 5 . 1 6  6 0 . 1 4  3 7 . 5 9
d e l i v e r y  t e m p e r a t u r e  ( d e g  k )  4 7 6 . 6 5  4 3 8 . 3 5  3 9 9 . 3 2  3 6 1 . 8 2  4 7 7 . 9 6  4 3 5 . 9 3  3 9 7 . 9 0  3 8 6 . 3 5
c o m p r e s s o r  e f f i c i e n c y  0 . 6 9 8  0 . 7 2 9  0 . 7 4 9  0 . 6 2 8  0 . 6 9 7  0 . 7 3 8  0 . 7 4 0  0 . 6 3 6
t u r b i n e  p r e s s u r e  r a t i o 3 . 4 0 0 2 . 7 8 4 2 . 1 6 1 1 . 5 5 5 3 . 1 7 5 2 . 6 4 9 2 . 0 2 2 1 . 5 8 3
mass f l o w  ( k g / a i n ) 2 6 . 8 8 3 2 2 . 4 7 7 1 6 . 7 8 4 1 0 . 1 5 1 2 4 . 2 4 5 2 0 . 1 9 7 1 5 . 0 0 8 9 . 8 4 7
t u r b i n e  p o we r  ( k w ) 8 9 . 2 2 5 7 . 1 7 2 7 . 5 7 6 . 4 4 8 0 . 6 5 4 9 . 7 1 2 3 . 6 9 7 . 5 8
t u r b i n e  t o r q u e  ( n . m ) 1 8 . 4 0 1 2 . 5 3 6 . 9 4 3 . 5 6 1 5 . 6 1 9 . 5 5 6 . 6 4 3 . 2 6
i n l e t  t e m p e r a t u r e  ( d e *  k ) 9 1 2 . 1 9 8 4 3 . 6 5 7 7 1 . 5 0 7 2 9 . 1 9 9 6 3 . 8 5 8 9 0 . 7 3 8 2 4 . 2 8 7 8 2 . 2 9
t u r b i n e  n o z z l e  a n g l e 8 . 8 8 6 8 . 8 3 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6
t u r b i n e  e f f i c i e n c y 0 . 7 5 8 0 . 7 5 6 0 . 7 4 0 0 . 6 9 5 0 . 7 6 0 0 . 7 3 0 0 . 7 4 5 0 . 7 3 0
o u t p u t  s h a f t  s p e ed  ( r p m) 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0
o u t p u t  s h a f t  po we r  ( k w ) 2 3 3 . 9 1 1 7 2 . 0 5 1 0 9 . 8 7 5 0 . 7 4 2 3 7 . 7 4 1 7 3 . 0 5 1 1 0 . 6 5 61 . 4 7
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 1 7 5 . 1 3 8 6 4 . 3 3 5 5 1 . 9 8 2 5 4 . 9 1 1 0 3 1 . 5 2 7 5 0 . 8 4 4 8 0 . 0 8 2 6 6 . 7 0
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 1 5 0 . 2 2 2 0 . 2 3 8 0 . 2 8 7 0 . 2 1 7 0 . 2 2 5 0 . 2 4 3 0 . 2 8 9
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 8 7 3 0 . 3 7 5 0 0 . 3 5 0 5 0 . 2 9 0 2 0 . 3 8 4 9 0 . 3 7 0 1 0 . 3 4 3 2 0 . 2 8 8 i
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 8 4 0 0 . 6 3 8 0 . 4 3 6 0 . 2 4 3 0 . 8 5 9 0 . 6 5 0 0 . 4 4 8 0 . 2 9 6
d y n a m i c  i n j e c t i o n ( d e g r e e  c a ) 3 4 0 . 2 3 4 1 . 7 3 4 3 . 1 3 4 4 . 6 341 . 0 3 4 2 . 5 3 4 3 . 7 3 4 4 . 5
d u r a t i o n  o f  i n j e c t i o n 2 5 . 1 2 1 . 2 1 7 . 4 1 3 . 9 2 4 . 9 2 1 . 2 1 7 . 6 1 4 . 9
t u r L i n e  g e a r  r a t i o 2 4 . 4 2 2 . 9 2 0 . 0 9 . 1 2 2 . 4 2 2 . 6 1 5 . 5 1 0 . 1
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 03 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 .  1 0 3 45 0 .  1 0 3 4 5 0 .  1 0 3 45 0 .  1 0 3 45 0 . 1 0 3 9 5 0 .  1 0 3 4 5 0 .  1 0 3 4 5
00
0
7 8 3 0
8 0 0 0
T a b l e - 5 .3 c
T a b l e - 5 . 4  New map, e l e v a t e d  Ta(313K)
CUMMINS L10 t) C C < U li  pe'in*
38 15 22 0
number of  cy l inders 6.0 bore ( m.m.) 125 .03 s t roke ( m. m.) 136.1
Con-rod length ( m.m.) 217.78 in l e t  valve c l o s i n g  ( degs ) 193 .0 compressor s c a l e  factor l . H
ambient temperature ( deg k ) 313.3 ambient pre ssure  ( bar ) 0 .99 co o l e r  e f f e c t i v e n e s s 0.'
compression ra t io 16.30 engine diagram factor 0 .9058 turbine  flow lo s s  fac tor o.l
- - - - -  compressor gear ra t io 5500 output sha f t  gear ra t i o  1.0050 - - - - -
engine speed(r.p.m) 1330.18 1195.55 1031.20 799.00 1350.50 1218.32 1008.60 820.60
boost pressure  ra t io 0.201 3.503 2 .782 1.906 0.173 3.073 2.708 1 .901
de l i ver ed  a i r  to fuel  rat i o 30.681 32.783 33.628 35.827 30.500 32.619 33.703 35.951
de l i  very rat i o 0.05/i 0.850 0.850 0.850 0.850 0.850 0.850 0.850
manifold temp ( deg k) 332.707 332.983 322.835 313.338 302.727 333.030 322.961 313.030
engine power ( k w. ) 239.98 179.92 120.12 59.97 200.00 179.88 120.12 59.97
engine torque ( n.m. )) 1725.20 1039.60 1112.66 717.63 1699.20 1012.70 1090. 19 695.70
b .m.e.p ( bar ) 21.60o2 18.0227 13.9500 8.9833 21.2827 17.6817 13.7189 8.7093
s . f . c .  ( kg/kw hr ) 0.199. 0.192 0.196 0.205 0.199 0.193 0.196 0.206
b.thermal e f f . 0.0196 0.0306 0.0263 0.0063 0.0190 0.0332 0.0257 0.0051
fuel  /  rev ( kg. ) 5 .977 0.810 3.798 2 .566 5 .896 0.738 3.701 2.096
•ax cyl pressure  ( bar . ) 159.61 156.21 123.18 85.56 158.10 153.19 121.63 83.09
exhaust temperatureCdeg k ) 909.33 833.83 793.05 718.76 911.86 836.78 792.61 718.32
mass flow (kg/nin) 20.395 18.866 13.171 7.351 20.291 18.828 13.221 7.398
percentage heat to coolant 10.50 12.15 10.82 20.68 10.57 12.16 10.79 20.61
compressor speed ( r .p .m. ) 9795.3 8509.5 6900.0 0726.7 9592.8 8330.5 6710.0 0570.5
compressor pressure  rat io 0.039 3.725 2.905 2.087 0.372 3.656 2 .913 2 .003
mass flow (kg/min) 05.987 39.039 32.118 21.529 00.901 38.503 30.879 20.716
compressor power ( kw. ) 180.23 130.07 82.11 35.78 173.83 125.30 78.02 33.52
compressor torque (n.m) 175.63 106.35 112.93 72.26 172.97 103.58 110.99 70.01
de l i ver y  temperature (deg k) 505.23 509.61 065.08 012.57 502.06 506.27 063.73 009.97
compressor e f f i c i e n c y 0.709 0.723 0.702 0.739 0.709 0.723 0.702 0.730
turbine speed (r .p.m) 08038.5 03623.1 37512.0 29006.2 08019.0 03510.6 03571.2 28628.1
turbine pressure  ra t io 0.330 3.621 2.801 1.983 0.267 3.552 2.809 1.939
mass flow (kg/min) 05.892 00.090 32.550 21.768 05.016 39.186 31.323 20.910
turbine power (kw) 150.93 100.00 61.37 21.51 107.38 100.60 56.28 19.91
turbine torque (n.m) 29.70 22.76 15.62 7.07 29.06 22.08 12.33 6.60
in l e t  temperature (deg k) 709.20 673.57 608.31 523.81 753.33 676.85 613.16 526.98
turbine nozz le  angle 8.886 8.886 8 .886 8.886 8.886 8.886 8.886 8.886
turbine e f f i c i e n c y 0.773 0.767 0.758 0.700 0.772 0.766 0.725 0.739
output shaf t  speed (rpm) 00 0.00 000.00 000.00 000.00 500.00 500.00 500.00 500.00
output sha f t  power (kw) 193.00 100.83 90.92 01.05 196.00 102.70 90.12 02.11
output sha f t  torque (n. /m) 0196.51 3055.12 1972.30 899.27 3750.12 2720.92 1720.50 803.80
output shaf t  s f c  (kg/kw.hr) 0.207 0.205 0.258 0.297 0.203 0 .203 0.261 0.293
output thermal e f f i c i e n c y 0.3382 0.3002 0.3227 0.2809 0.3029 0.3038 0.3190 0.2800
engine fuel  flow (kg/uin) 0.795 0.575 0.392 0.205 0.796 0.577 0.392 0.206
dynamic inJec t ion (degree  ca) 359. 7 339.8 302.6 305.7 356.7 339.9 302.7 305.8
durat ion of in j e c t i o n 30.'5 20 .8 19.7 10.7 30.2 20 .6 19.5 10.6
turbine gear ra t io 110. 1 99.1 85 .3 66.0 96 .8 87.0 87 .  1 57 .3
pressure  l o s s  in pipe  a (bar) 0.10305 0.  10305 0.10305 0.10305 0.  10305 0.10305 0.10305 0.  10305
pressure  l o s s  in pipe  b (bar) 0.10305 0.10305 0.10305 0. 10305 0.10305 0. 10305 0.10305 0.10305
pressure  l o s s  in pipe  c (bar) 0.10305 0.10305 0.10305 0. 10305 0.10305 0.  10305 0.10305 0.10305
pressure  l o s s  in pipe  d (bar) 0.10305 0.10305 0.10305 0.  10305 0.10305 0.  10305 0.10305 0.10305
T a b l e - 5 . 4 a
CUMMINS L 1 0  D C E  4 0  2 7  2 4  0
number  o f  C y l i n d e r s 6 . 0 b o r e ( m . m . )  125 . 0 3  s t r o k e ( m. m . )  136.1
C o n - r o d  l e n g t h  ( m . m . ) 2 1 7 . 7 8 i n l e t  v a l v e c l o s i n g  ( d e gs  ) 193 . 0  c o m p r e s s o r  s c a l e  f a c t o r l . l i
a m b i e n t  t e m p e r a t u r e  ( deg k ) 3 1 3 . 3 a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 9 9  c o o l e r  e f f e c t i v e n e s s 0.1
c o m p r e s s i o n  r a t i o 1 6 . 3 0 e n g i n e  d i a g r a m  f a c t o r 0 . 9 2 7 6  t u r b i n e  f l o w 1oss  f a c t o r 0.1
- - - - -  c o m p r e s s o r  g e a r  r a t i o  **,. 5 5 0 0 o u t p u t  s h a f t  y e a r  r a t i o  1 . 4 4 5 0  - - - - -
e n g i n e  s p e e d ( r . p . u ) 1 5 7 1 . 0 7 1 0 4 0 . 7 1 1 3 0 7 . 5 6 1 0 5 4 . 3 8 1 8 0 9 . 8 0 1 7 0 9 . 5 9 1 5 6 0 . 4 2 1 3 5 0 . 6 8
b o o s t  p r e s s u r e  r a t i o 3 . 5 6 0 2 . 1 2 3 2 . 2 7 3 1 . 6 0 4 3 . 0 5 6 2 . 5 3 6 1 . 9 6 6 1 . 3 9 5
d e l i v e r e d  a i r  t o  f u e l  r a t i o 3 0 . 0 2 1 3 1 . 1 1 8 3 3 . 4 1 0 3 7 . 5 5 6 2 9 . 2 3 6 3 0 . 9 9 1 3 2 . 8 6 7 3 9 . 3 1 8
d e l i  v e r y  r a t i o 0 . 8 5 3 0 . 8 5 3 0 . 8 5 3 0 . 8 5 3 0 . 8 5 3 0 . 8 5 2 0 . 8 5 2 0 . 8 5 2
m a n i f o l d  t emp ( dey  k ) 3 0 3 . 4 7 6 3 3 3 . 4 1 1 3 2 3 . 5 1 3 3 1 4 . 5 8 4 3 4 3 . 3 7 2 3 3 3 . 7 1 7 3 2 4 . 1 6 4 3 1 5 . 8 7 2
e n g i n e  p o we r  ( k w.  ) 2 0 0 . 2 6 1 8 0 . 1 7 1 2 0 . 0 1 5 9 . 9 8 2 4 0 . 1 2 1 8 0 . 0 9 1 2 0 . 0 3 5 9 . 9 9
e n g i n e  t o r q u e  ( n . m .  ) ) 1 0 6 0 . 6 7 1 1 1 0 . 6 3 8 7 7 . 5 2 5 4 4 . 1 2 1 2 6 8 . 0 0 1 0 0 6 . 7 5 7 3 5 . 3 2 4 2 4 . 7 6
b . m . e . p  ( b a r  ) 1 8 . 3 1 0 6 1 4 . 1 7 6 6 1 0 . 1 1 9 3 6 . 8 1 2 7 1 5 . 8 8 9 7 1 2 . 6 1 6 0 9 . 2 1 2 0 5 . 3 1 8 9
s . f . c .  C k g / k w  h r  ) 0 . 1 1 8 0 . 2 0 0 0 . 2 0 3 0 . 2 1 2 0 . 2 0 3 0 . 2 0 6 0 . 2 1 3 0 . 2 2 4
b . t h e r m a l  e f f . 0 . 0 2 1 3 0 . 0 1 6 8 0 . 4 1 1 2 0 . 3 9 3 4 0 . 4 1 0 0 0 . 4 0 4 1 0 . 3 9 1 3 0 . 3 7 2 2
f u e l  /  r e v  ( k g .  ) 5 . 0 0 5 0 . 1 7 0 3 . 1 0 5 2 . 0 1 0 4 . 4 9 9 3 . 6 2 3 2 . 7 3 2 1 . 6 5 9
max c y l  p r e s s u r e  ( b a r  . ) 1 5 8 . 0 6 1 3 0 . 6 1 1 0 1 . 0 8 7 0 . 3 6 1 3 5 . 6 3 1 1 3 . 0 8 8 8 . 2 0 6 1 . 1 6
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 1 0 2 . 2 8 8 6 7 . 0 8 8 0 3 . 1 2 7 1 0 . 5 8 9 3 0 . 6 0 8 7 8 . 4 9 8 2 1 . 8 3 7 0 5 . 6 0
mass f l o w  ( k g / m i n ) 2 0 . 1 2 0 1 8 . 6 9 7 1 3 . 5 1 5 7 . 9 5 9 2 3 . 8 0 4 1 9 . 1 9 7 1 4 . 0 1 4 8 . 8 0 8
p e r c e n t a g e  h e a t  t o  c o o l a n t 1 0 . 6 2 1 2 . 2 0 1 4 . 5 6 1 9 . 7 7 1 0 . 6 8 1 2 . 0 1 1 4 . 3 0 1 8 . 6 6
c o m p r e s s o r  s p e e d  ( r . p . m . ) 8 0 6 0 . 3 6 8 1 1 . 4 5 5 4 7 . 8 3 1 2 9 . 9 6 7 0 9 . 2 5 7 5 2 . 2 4 3 2 7 . 6 2 3 2 4 . 6
c o m p r e s s o r  p r e s s u r e  r a t i o 3 . 7 7 ? 3 . 1 2 5 2 . 4 5 7 1 . 7 6 3 3 . 2 9 7 2 . 7 6 2 2 . 1 7 2 1 . 5 7 6
mass f l o w  ( k g / m i n ) 3 6 . 8 1 7 3 1 . 1 7 0 2 5 . 1 3 8 1 3 . 0 9 9 3 0 . 2 4 1 2 5 . 8 0 9 1 9 . 1 8 6 8 . 8 5 1
c o m p r e s s o r  p o we r  ( kw.  ) 1 2 5 . 0 7 8 6 . 7 1 5 1 . 4 1 1 7 . 8 6 9 0 . 5 0 6 1 . 4 2 3 3 . 5 8 1 0 . 2 7
c o m p r e s s o r  t o r q u e  ( n . m ) 1 0 8 . 5 1 1 2 1 . 0 1 8 8 . 6 0 5 4 . 4 5 1 2 8 . 7 5 1 0 1 . 9 2 7 4 . 0 6 4 2 . 1 9
d e l i v e r y  t e m p e r a t u r e  ( d e g  k) 5 1 5 . 0 1 4 7 8 . 1 1 4 3 5 . 4 8 3 9 4 . 8 0 4 9 1 . 1 2 4 5 5 . 0 6 4 1 7 . 7 9 3 8 2 . 7 6
c o m p r e s s o r  e f f i c i e n c y 0 . 7 1 2 0 . 7 2 5 0 . 7 5 0 0 . 6 7 7 0 . 7 1 2 0 . 7 4 3 0 . 7 4 4 0 . 6 2 7
t u r b i n e  s p e e d  ( r . p . m ) 0 7 3 5 0 . 3 4 2 0 9 0 . 4 3 0 6 7 2 . 9 2 9 7 3 0 . 5 4 6 7 2 0 . 2 4 3 1 8 8 . 3 3 5 9 0 9 . 8 2 5 3 2 5 . 1
t u r b i n e  p r e s s u r e  r a t i o 3 . 6 7 0 3 . 0 2 1 2 . 3 5 3 1 . 6 5 9 3 . 1 9 3 2 . 6 5 8 2 . 0 6 7 1 . 4 7 2
mass f l o w  ( k g / m i n ) 3 7 . 7 6 0 3 1 . 8 3 3 2 5 . 5 9 2 1 3 . 2 9 3 3 1 . 1 1 6 2 6 . 4 0 2 1 9 . 6 1 8 9 . 0 6 5
t u r b i n e  p o w e r  ( k w ) 1 1 5 . 0 2 7 6 . 0 6 4 0 . 3 6 8 . 7 8 9 1 . 9 5 5 9 . 4 8 2 8 . 7 8 4 . 6 1
t u r b i n e  t o r q u e  ( n . m ) 2 3 . 1 1 1 7 . 2 5 1 2 . 5 6 2 . 8 2 1 8 . 7 9 1 3 . 1 5 7 . 6 5 1 . 7 4
i n l e t  t e m p e r a t u r e  ( d e g  k) 7 7 8 . 7 5 7 2 3 . 1 2 6 4 4 . 4 1 5 9 3 . 7 7 6 4 6 . 4 1 7 7 9 . 8 1 7 2 2 . 0 1 7 0 4 . 2 0
t u r b i n e  n o z z l e  a n g l e 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 6 6 8 . 8 8 6
t u r b i n e  e f f i c i e n c y 0 . 7 6 6 0 . 7 6 0 0 . 7 3 8 0 . 6 5 4 0 . 7 6 1 0 . 7 5 2 0 . 7 3 9 0 . 6 6 4
o u t p u t  s h a f t  s p e e d  ( r p m ) 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( k w ) 2 1 3 . 6 6 1 5 7 . 5 4 1 0 0 . 6 4 4 6 . 3 7 2 2 6 . 1 0 1 6 6 . 1 7 1 0 6 . 7 3 4 8 . 9 3
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 1 0 2 . 3 0 1 4 3 2 . 1 2 9 1 4 . 9 1 4 2 1 . 5 3 1 3 4 8 . 8 6 9 9 1 . 3 2 6 3 6 . 7 3 2 9 1 . 8 8
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 2 3 0 . 2 2 1 0 . 2 4 2 0 . 2 7 4 0 . 2 1 6 0 . 2 2 4 0 . 2 4 0 0 . 2 7 5
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 7 0 7 0 . 3 6 4 5 0 . 3 4 4 6 0 . 3 0 4 1 0 . 3 8 6 0 0 . 3 7 2 9 0 . 3 4 8 0 0 . 3 0 3 6
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 7 1 3 0 . 6 0 1 0 . 4 0 6 0 . 2 1 2 0 . 8 1 4 0 . 6 1 9 0 . 4 2 6 0 . 2 2 4
d y n a m i c  i n j e c t i o n ( d e g r e e  c a ) 3 3 7 . 8 3 4 0 . 1 3 4 3 . 1 3 4 5 . 8 3 3 9 . 1 3 4 1 . 0 3 4 2 . 7 3 4 5 . 3
d u r a t i o n  o f  i n j e c t i o n 2 7 . 5 2 3 . 1 1 7 . 8 1 3 . 7 2 5 . 9 2 1 . 5 1 7 . 6 1 3 . 2
t u r b i n e  g e a r  r a t i o 0 5 . 1 4 0 . 1 2 9 . 2 2 8 . 3 2 9 . 2 2 7 . 0 2 2 . 4 1 5 . 8
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 03 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 03 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
T a b le - 5 .4 b
CUMMINS L 10 P C L b r l  P o m t  38 49  60 0
nu mb er  o f  c y l i n d e r s 6 . 0 b o r e ( m . m . )  125 . 0 3 s t  r o k e ( m. m . )  136 . 1
c o n - r o d  l e n g t h  ( m . m . ) 2 1 7 . 7 8 i n l e t  v a l v e c l o s i n g  ( de gs  ) 193 . 0 c o m p r e s s o r  s c a l e  f a c t o r 1 .  1 <
a u b i e n t  t e m p e r a t u r e  C deg k ) 3 1 1 . 3 a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 9 9 c o o l e r  e f f e c t i v e n e s s 0.1
c o m p r e s s i o n  r a t i o 1 6 . 3 0 e n g i n e  d i a g r a m  f a c t o r 0 . 9 1 0 5 t u r b i n e  f l o w l o s s  f a c t o r 0.1
- - - - -  c o m p r e s s o r  gea r  r a t i o  9 . 5 5 0 0 o u t p u t  s h a f t  g e a r r a t i o  1 . 4 4 5 0  — ------
e n g i n e  s p e e d ( r . p . m ) 1 9 5 6 . 4 6 1 8 6 1 . 2 6 1 6 8 4 . 9 0 1 5 5 7 . 6 1 2 1 1 3 . 6 4 2 0 1 8 . 7 9 1 8 7 5 . 5 9 1 7 8 3 . 2 1
b o o s t  p r e s s u r e  r a t i o 2 . 3 4 3 2 . 3 6 3 1 . 8 8 6 1 . 2 5 9 2 . 6 6 5 2 . 1 9 5 1 . 6 8 0 1 . 2 5 4
d e l i v e r e d  a i r  t o  f u e l  r a t i o 2 8 .0 3 a 3 0 . 9 0 7 3 3 . 4 5 4 3 6 . 4 7 2 2 8 . 8 3 7 3 0 . 5 0 5 3 2 . 0 3 5 3 3 . 4 5 6
d e l i  v e r y  r a t i o 0 . 3 5 2 0 . 8 5 2 0 . 3 5 2 0 . 8 4 8 0 . 8 5 2 0 . 8 5 1 0 . 8 5 1 0 . 8 4 7
m a n i f o l d  t e u p  ( deg  k) 3 4 3 . 2 2 5 3 3 3 . 7 2 2 3 2 4 . 9 6 9 3 1 7 . 0 6 2 3 4 2 . 7 7 3 3 3 3 . 4 6 9 3 2 4 . 9 6 0 3 2 0 . 9 0 3
e n g i n e  p o w e r  ( Ic w.  ) 2 4 0 . 0 5 1 8 0 . 0 5 1 2 0 . 0 2 5 9 . 8 9 2 3 9 . 9 8 1 7 9 . 9 7 1 1 9 . 9 2 7 1 . 3 2
e n g i n e  t o r q u e  ( n . m .  ) ) 1 1 7 2 . 0 5 9 2 4 . 7 1 6 8 1 . 0 0 3 6 8 . 3 3 1 0 8 5 . 7 2 8 5 2 . 5 5 6 1 1 . 7 6 3 8 3 . 4 7
b . m . e . p  ( b a r  ) 1 4 . 6 9 4 1 1 1 . 5 8 4 3 8 . 5 3 0 8 4 . 6 0 4 4 1 3 . 5 9 7 2 1 0 . 6 7 6 2 7 . 6 5 7 4 4 . 7 9 0 1
s . f . c .  ( k g / k w  h r  ) 0 . 2 0 7 0 . 2 1 0 0 . 2 1 6 0 . 2 4 5 0 . 2 1 0 0 . 2 1 4 0 . 2 2 3 0 . 2 4 8
b . t h e r m a l  e f f . 0 . 4 0 3 5 0 . 3 9 7 6 0 . 3 8 6 6 0 . 3 4 0 2 0 . 3 9 6 8 0 . 3 8 9 4 0 . 3 7 4 2 0 . 3 3 6 6
f u e l  /  r e v  ( k g .  ) 4 . 2 2 7 3 . 3 8 ? 2 . 5 6 1 1 . 5 7 1 3 . 9 7 7 3 . 1 8 2 2 . 3 7 6 1 . 6 5 2
max c y l  p r e s s u r e  ( b a r  . ) 1 2 5 . 5 0 1 0 4 . 8 0 8 3 . 9 5 5 5 . 8 5 1 1 6 . 7 3 9 6 . 6 6 7 4 . 8 0 5 5 . 7 6
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 0 4 0 . 6 4 8 8 0 . 6 0 8 1 8 . 5 1 7 4 2 . 4 6 9 4 7 . 1 6 8 9 6 . 2 8 8 4 3 . 5 3 7 8 5 . 2 2
mass f l o w  ( k g / m i n ) 2 3 . 0 2 0 1 9 . 4 5 5 1 4 . 4 3 7 9 . 1 0 0 2 4 . 2 4 , 2 1 9 . 5 9 6 1 4 . 3 0 9 1 0 . 2 5 5
p e r c e n t a g e  h e a t  t o  c o o l a n t 1 0 . 6 4 1 1 . 9 1 1 4 . 0 7 1 8 . 6 9 1 0 . 5 5 1 1 . 8 5 1 4 . 1 7 1 7 . 8 6
c o m p r e s s o r  s p e e d  ( r . p . m . ) 6 1 2 7 . 1 5 2 1 7 . 9 3 5 3 3 . 7 2 3 1 8 . 1 5 6 4 5 . 5 4 7 3 9 . 6 3 3 7 2 . 1 2 4 8 9 . 9
c o m p r e s s o r  p r e s s u r e  r a t i o 3 . 0 9 7 2 . 6 0 2 2 . 1 0 3 1 . 4 5 6 2 . 9 3 4 2 . 4 4 8 1 . 9 1 3 1 . 4 7 2
mass f l o w  ( k g / m i n ) 2 7 . 4 2 7 2 3 . 1 8 9 1 4 . 9 6 5 8 . 9 2 5 2 5 . 0 8 7 2 0 . 9 5 2 1 4 . 2 7 3 9 . 8 5 4
c o m p r e s s o r  p o w e r  ( kw.  ) 7 6 . 5 9 5 1 . 1 1 2 5 . 3 5 8 . 7 9 6 5 . 1 4 4 2 . 7 2 2 1 . 5 7 9 . 9 1
c o m p r e s s o r  t o r q u e  ( n . m ) 1 1 0 . 3 3 9 3 . 4 9 6 8 . 4 7 3 6 . 2 0 1 1 0 . 1 4 8 6 . 0 3 6 1 . 0 5 3 7 . 9 7
d e l i v e r y  t e m p e r a t u r e  ( d e g  k) 4 7 0 . 3 9 4 4 4 . 6 7 4 1 4 . 4 6 3 7 9 . 8 5 4 6 7 . 8 5 4 3 4 . 9 0 4 0 4 . 8 1 3 9 0 . 8 4
c o m p r e s s o r  e f f i c i e n c y 0 . 7 1 6 0 . 7 4 8 0 . 7 3 3 0 . 6 0 3 0 . 7 2 7 0 . 7 5 0 0 . 7 0 7 0 . 6 1 0
t u r b i n e  s p e e d  ( r . p . m ) 4 6 6 0 5 . 7 4 2 6 2 1 . 4 4 5 5 9 6 . 0 1 7 9 1 2 . 8 4 5 9 8 4 . 2 3 8 4 4 7 . 0 3 3 3 9 7 . 8 1 5 7 9 1 . 2
t u r b i n e  p r e s s u r e  r a t i o 2 . 0 9 3 2 . 4 9 8 1 . 9 9 9 1 . 4 5 6 2 . 8 3 0 2 . 3 4 4 1 . 8 0 9 1 . 4 7 2
mass f l o w  ( k g / m i n ) 2 8 . 3 0 1 2 3 . 8 6 1 1 5 . 4 2 4 1 0 . 2 2 4 2 5 . 9 5 0 2 1 . 6 6 7 1 4 . 7 0 3 1 0 . 6 8 8
t u r b i n e  p o w e r  ( kw) 8 2 . 7 8 5 2 . 7 2 1 9 . 7 4 5 . 6 2 7 5 . 4 7 4 6 . 8 4 1 9 . 4 9 6 . 2 3
t u r b i n e  t o r q u e  ( n . m ) 1 6 . OS 1 1 . 8 1 4 . 1 3 3 . 0 0 1 5 . 6 7 11 . 6 3 5 . 5 7 3 . 7 6
i n l e t  t e m p e r a t u r e  ( d e g  k) 8 8 3 . 4 3 8 2 1 . 0 0 8 0 5 . 7 8 7 4 2 . 4 6 9 3 3 . 0 2 8 6 9 . 8 7 8 4 3 . 5 3 7 8 5 . 2 2
t u r b i n e  n o z z l e  a n g l e 3 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 6 8 6 8 . 8 8 6
t u r b i n e  e f f i c i e n c y 0 . 7 5 0 0 . 7 5 0 0 . 6 1 0 0 . 7 1 8 0 . 7 5 6 0 . 7 4 8 0 . 7 3 7 0 . 6 7 9
o u t p u t  s h a f t  s p e e d  ( r p m ) 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 1 9 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0 2 2 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( k w ) 2 3 1 . 0 7 1 6 9 . 5 8 1 0 5 . 9 7 5 0 . 6 2 2 3 4 . 9 5 1 7 1 . 8 5 1 0 8 . 7 4 6 0 . 7 1
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 1 6 0 . 3 7 8 5 1 . 9 2 5 3 2 . 3 8 2 5 4 . 2 9 1 0 1 9 . 3 8 7 4 5 . 6 1 4 7 1 . 8 1 2 6 3 . 4 1
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 1 5 0 . 2 2 3 0 . 2 4 4 0 . 2 9 0 0 . 2 1 5 0 . 2 2 4 0 . 2 4 6 0 . 2 9 1
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 8 8 4 0 . 3 7 4 5 0 . 3 4 1 3 0 . 2 8 7 5 0 . 3 8 8 5 0 . 3 7 1 9 0 . 3 3 9 3 0 . 2 8 6 5
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 8 2 7 0 . 6 2 9 0 . 4 3 2 0 . 2 4 5 0 . 8 4 1 0 . 6 4 2 0 . 4 4 6 0 . 2 9 5
dy n a m i c  i n j e c t i o n ( d e g r e e  c a ) 3 4 0 . 0 3 4 1 . 7 3 4 3 . 0 3 4 4 . 6 3 4 1 . 0 3 4 2 . 5 3 4 3 . 5 3 4 4 . 5
d u r a t i o n  o f  i n j e c t i o n 25  . 1 2 1 . 1 1 7 . 5 1 3 . 9 2 4 . 6 2 1 . 1 1 7 . 5 1 4 . 9
t u r b i n e  g e a r  r a t i o 2 4 . 5 2 2 . 4 2 4 . 0 9 . 4 2 0 . 9 1 7 . 5 1 5 . 2 7 . 2
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 03 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 0 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 45 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
T a b l e - 5 . 4c
T a b l e - 5 .5  New map, redu ced  Pa, e l e v a t e d  Ta
c uMf i i u s  l i o  i c c  j f&U  pt * ' 1*' 32  l a  0
numb er  u f  c y l i n j e r s 6 . 0 b o r e ( m . m . )  125 . 0 3  s t r o k e ( m. m . )  136.1
c o n - r o d  l e n g t h  ( m . m . ) 2 1 7 . 7 8 i n l e t  v a l v e c l o s i n g  ( de qs  ) 193 . 0  c o m p r e s s o r  s c a l e  f a c t o r l . l i
a m b i e n t  t e m p e r a t u r e  ( Jeg k ) 3 1 3 . 3 a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 8 4  c o o l e r  e f f e c t i v e n e s s o . 1
c o m p r e s s i o n  r a t i o 1 6 . 3 0 e n g i n e  d i a g r a m  f a c t o r 0 . 9 4 4 8  t u r b i n e  f l o w l o s s  f a c t o r o . l
- - - - -  c o m p r e s s o r  g e a r  r a t i o 9 . 5 5 0 0 o u t p u t  s h a f t  g e a r  r a t i o  1 . 4 4 5 0  - - - - -
e n g i n e  ............................ .. 1 4 0 7 . 1 7 1 2 5 9 . 1 0 1 0 7 8 .  10 8 4 2 . 5 4 1 4 2 4 . 6 1 1 2 8 2 . 5 7 I 0 9 e . 0 6 8 5 6 . 4 2
b o o s t  p r e s s u r e  r a t i o 4 . 7 1 3 3 . 9 1 7 3 . 0 4 4 2 . 1 0 3 4 . 6 3 0 3 . 8 4 3 2 . 9 8 8 2 . 0 8 8
d e l i v e r e d  a i r  t o  f u e l  r a t i o 2 9 . 8 3 6 3 1 . 3 0 2 3 1 . 7 7 4 3 3 . 7 9 9 2 9 . 5 9 4 3 1 . 1 7 5 3 1 . 7 1 4 3 4 . 0 8 2
d e 1 i v e r y  r a t i o 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4 0 . 8 5 4
m a n i f o l d  temp ( deg k) 3 4 9 . 5 2 8 3 3 8 . 0 2 0 3 2 6 . 2 5 7 3 1 4 . 8 7 9 3 4 9 . 4 4 1 3 3 8 . 1 3 1 3 2 6 . 3 7 5 3 1 4 . 9 9 4
e n g i n e  p o we r  ( k w.  ) 2 4 0 . 0 6 1 8 0 . 2 1 1 2 0 . 0 7 5 9 . 9 2 2 4 0 . 0 6 1 8 0 . 2 0 1 2 0 . 0 7 5 9 . 9 2
e n g i n e  t o r q u e  ( n . m .  ) ) 1 6 3 0 . 8 1 1 3 6 6 . 9 4 1 0 6 4 . 3 0 6 8 0 . 9 3 1 6 1 0 . 8 5 1 3 4 1 . 9 3 1 0 4 4 . 9 5 6 6 9 . 8 9
b . m . e . p  ( b a r  ) 2 0 . 4 3 1 0 1 7 . 1 4 0 7 1 3 . 3 3 8 3 8 . 5 1 6 7 2 0 . 1 8 0 5 1 6 . 8 2 6 3 1 3 . 0 9 5 4 8 . 3 7 9 4
s . f . c .  ( k g / k w  h r  ) 0 . 2 0 0 0 . 1 9 5 0 . 1 9 9 0 . 2 1 0 0 . 2 0 0 0 .  196 0 . 2 0 0 0 . 2 1 0
b . t  h e r « a 1 e f  f . 0 . 4 1 7 7 0 . 4 2 7 6 0 . 4 1 8 9 0 . 3 9 8 0 0 . 4 1 6 7 0 . 4 2 6 1 0 . 4 1 7 8 0 . 3 9 7 9
f u e l  /  r e v  ( k g .  ) 5 . 6 7 7 4 . 6 5 3 3 . 6 9 6 2 . 4 8 4 5 . 6 2 1 4 . 5 8 4 3 . 6 3 8 2 . 4 4 4
max c y l  p r e s s u r e  ( b a r  . ) 1 5 8 . 4 7 1 4 6 . 8 9 1 1 5 . 1 5 7 9 . 0 8 . 1 5 6 . 8 9 1 4 4 . 3 1 1 1 3 . 2 5 7 8 . 4 2
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 9 2 5 . 2 5 8 6 1 . 7 9 8 2 2 . 2 6 7 4 2 . 9 1 9 2 9 . 3 6 8 6 4 . 5 5 8 2 3 . 7 3 7 4 0 . 3 0
mass f l o w  ( k g / m i n ) 2 3 . 8 3 7 1 8 . 3 4 0 1 2 . 6 6 1 7 . 0 7 3 2 3 . 6 9 8 1 8 . 3 2 8 1 2 . 6 7 1 7 . 1 3 4
p e r c e n t a g e  h e a t  t o  c o o l a n t 1 0 . 7 9 1 2 . 4 3 1 5 . 2 4 2 1 . 2 2 1 0 . 8 2 1 2 . 4 4 1 5 . 2 3 2 1 . 1 1
c o m p r e s s o r  s p e ed  ( r . p . m . ) 1 0 5 3 0 . 5 9 1 1 6 . 5 7 3 8 7 . 9 5 1 3 8 . 3 1 0 3 0 0 . 5 8 9 4 4  .  1 7 1 8 1 . 9 4 8 7 4 . 3
c o m p r e s s o r  p r e s s u r e  r a t i o 4 . 9 5 ' J 4 . 1 3 9 3 . 2 4 2 2 . 2 7 3 4 . 8 7 4 4 . 0 6 7 3 . 1 8 8 2 . 2 5 9
mass f l o w  ( k g / m i n ) 4 2 . 0 2 5 3 6 . 0 3 1 2 8 . 9 8 2 1 9 . 9 0 5 4 1 . 1 2 1 3 5 . 2 5 7 2 8 . 1 0 2 1 8 . 7 1 9
c o m p r e s s o r  po we r  ( kw.  ) 1 8 3 . 1 0 1 3 2 . 6 3 8 3 . 5 2 3 6 . 9 0 1 7 6 . 8 9 1 2 7 . 7 3 7 9 . 6 9 3 4 . 4 2
c o m p r e s s o r  t o r q u e  ( n . w ) 1 6 5 . 9 7 1 3 8 . 8 7 1 0 7 . 9 0 6 8 . 5 4 1 6 3 . 9 2 1 3 6 . 3 2 1 0 5 . 9 2 6 7 . 4 0
d e l i v e r y  t e m p e r a t u r e  ( d e g  k ) 5 7 0 . 6 0 5 3 1 . 3 8 4 8 4 . 6 1 4 2 3 . 9 3 5 6 7 . 4 1 5 2 7 . 9 9 4 8 1 . 9 2 4 2 3 . 0 6
c o m p r e s s o r  e f f i c i e n c y 0 . 6 9 7 0 . 7 1 3 0 . 7 2 7 0 . 7 4 8 0 . 6 9 7 0 . 7 1 3 0 . 7 2 6 0 . 7 4 8
t u r b i n e  s pe ed  ( r . p . m ) 5 1 2 6 9 . 2 4 6 8 7 0 . 5 3 9 6 5 2 . 7 3 0 3 9 9 . 1 5 1 1 8 3 . 8 4 6 2 0 2 . 5 4 4 9 5 1 . 3 3 4 3 8 1 . 0
t u r b i n e  p r e s s u r e  r a t i o 4 . 8 3 2 4 . 0 1 7 3 . 1 1 9 2 . 1 5 0 4 . 7 5 2 3 . 9 4 4 3 . 0 6 6 2 . 1 3 6
mass f l o w  ( k g / m i n ) 4 2 . 4 1 1 3 6 . 6 8 5 2 9 . 4 3 1 2 0 . 1 1 6 4 1 . 5 3 8 3 5 . 8 8 4 2 8 . 5 4 7 1 8 . 9 5 9
t u r b i n e  p o we r  ( k w ) 1 5 5 . 4 4 1 0 7 . 5 6 6 3 . 4 0 2 3 . 2 0 1 5 1 . 6 0 1 0 4 . 4 1 5 9 . 3 2 2 0 . 9 1
t u r b i n e  t o r q u e  ( n . m ) 2 8 . 9 4 2 1 . 9 1 1 5 . 1 5 7 . 2 9 2 8 . 2 7 2 1 . 5 7 1 2 . 6 0 5 . 8 1
i n l e t  t e m p e r a t u r e  ( d e g  k) 7 8 2 . 2 1 7 0 8 . 9 6 6 4 1 . 5 1 5 4 4 . 8 6 7 8 6 . 7 4 7 1 2 . 5 9 6 4 5 . 6 6 5 5 1 . 6 6
t u r b i n e  n o z z l e  a n g l e 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 b 8 . 8 8 6
t u r b i n e  e f f i c i e n c y 0 . 7 7 6 0 . 7 7 0 0 . 7 6 1 0 . 7 4 6 0 . 7 7 6 0 . 7 6 9 0 . 7 4 0 0 . 7 1 2
o u t p u t  s h a f t  s p e ed  ( r p m ) 4 4 0 . 0 0 4 4 0 . 0 0 4 4 0 . 0 0 4 4 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 5 0 0 . 0 0
o u t p u t  s h a f t  p o we r  ( k w ) 1 9 4 . 7 0 1 4 1 . 8 7 9 1 . 3 0 4 1 . 8 8 1 9 7 . 2 2 1 4 3 . 7 4 9 1 . 2 0 4 2 . 1 2
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 4 2 2 3 . 7 1 3 0 7 7 . 6 0 1 9 8 0 . 5 6 9 0 8 . 6 0 3 7 6 5 . 1 0 2 7 4 4 . 0 1 1 7 4 1 . 1 0 8 0 4 . 1 7
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 4 6 0 . 2 4 8 0 . 2 6 2 0 . 3 0 0 0 . 2 4 4 0 . 2 4 5 0 . 2 6 3 0 . 2 9 8
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 3 8 8 0 . 3 3 6 6 0 . 3 1 8 5 0 . 2 7 8 2 0 . 3 4 2 4 0 . 3 3 9 9 0 . 3 1 7 3 0 . 2 7 9 7
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 7 9 9 0 . 5 8 6 0 . 3 9 0 0 . 2 0 9 0 . 8 0 1 0 . 5 8 8 0 . 4 0 0 0 . 2 0 9
d y n a m i c  i n j e c t i o n ( d e g r e e  c a ) 3 4 8 . * 3 3 9 . 9 3 4 2 . 7 3 4 5 . 7 3 4 7 . 9 3 4 0 . 0 3 4 2 . 7 3 4 5 . 7
d u r a t i o n  o f  i n j e c t i o n 2 9 .  (> 2 4 . 4 1 9 . 4 1 4 . 6 2 9 . 4 2 4 . 1 1 9 . 2 1 4 . 5
t u r b i n e  g e a r  r a t i o 1 1 6 . 5 1 0 6 . 5 9 0 . 8 6 9 . 1 1 0 2 . 4 9 2 . 4 8 9 . 9 6 8 . 8
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 03 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
T a b l e - 5 .5 a
fCUMMINS L 10 0 C C 
n umber  u f  c y l i n d e r s 6 . 0 b o r e ( m . m . )  125
29




m . )  136.1
C o n - r o d  l e n g t h  ( m . m . ) 2 1 7 . 7 8 i n l e t  v a l v e c l o s i n g  ( de gs  ) 193 . 0  c o m p r e s s o r  s c a l e  f a c t o r 1 . 1
a m b i e n t  t e m p e r a t u r e  ( deg k ) 3 1 3 . 3 a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 8 4  c o o l e r  e f f e c t i v e n e s s 0.1
C o m p r e s s i o n  r a t i o 1 6 . 3 0 e n g i n e  d i a g r a m  f a c t o r 0 . 9 2 5 9  t u r b i n e  f l o w l o s s  f a c t o r o . l
- - - - -  c o m p r e s s o r  g e a r  r a t i o  9,  
e n g i n e  s p e e d ( r . p . m )  1 6 4 1 . 3 8
. 5 5 0 0
1 5 0 1 . 2 7 1 3 5 1 . 5 6
o u t p u t  s h a f t  g e a r  r a t i o  1 . 4 4 5 0  - - - - -  
1 0 8 8 . 9 2  1 8 7 7 . 2 2  1 7 4 7 . 6 9  1 6 0 5 . 8 2 1 3 8 3 . 3 2
b o o s t  p r e s s u r e  r a t i o 3 . 9 7 3 3 . 2 5 4 2 . 5 0 5 1 . 7 4 1 3 . 4 3 3 2 . 7 8 0 2 .  163 1 . 4 6 7
d e l i v e r e d  a i r  t o  f u e l  r a t i o 2 9 . 1 6 5 2 9 . 6 5 8 3 1 . 4 3 6 3 4 . 8 1 3 2 7 . 9 4 3 2 8 . 5 1 1 3 0 . 6 1 2 3 4 . 5 1 9
d e l i  v e r y  r a t i o 0 . 8 5 3 0 . 8 5 3 0 . 8 5 3 0 . 8 5 3 0 . 8 5 2 0 . 8 5 2 0 . 8 5 2 0 . 8 5 2
m a n i f o l d  temp ( deg k) 3 5 0 . 1 5 2 3 3 8 . 8 0 0 3 2 6 . 9 7 6 3 1 6 . 0 5 0 3 4 9 . 9 6 7 3 3 8 . 5 3 1 3 2 7 . 3 2 7 3 1 7 . 2 1 3
e n g i n e  p o we r  ( k w.  ) 2 4 0 . 1 7 1 8 0 . 0 9 1 2 0 . 0 2 5 9 . 9 2 2 4 0 . 0 0 1 7 9 . 9 5 1 1 9 . 9 3 5 9 . 8 8
e n g i n e  t o r q u e  ( n . m .  ) ) 1 3 9 8 . 1 1 1 1 4 6 . 4 5 8 4 8 . 9 5 5 2 6 . 8 6 1 2 2 2 . 4 6 9 8 4 . 8 0 7 1 4 . 5 3 4 1 4 . 7 3
b . m . e . p  ( b a r  ) 1 7 . 5 2 3 5 1 4 . 3 6 6 2 1 0 . 6 3 5 1 6 . 5 8 9 9 1 5 . 3 1 1 3 1 2 . 3 3 0 9 8 . 9 4 4 4 5 .  1 84 3
s . f . c .  ( k g / k w  h r  ) 0 . 2 0 1 0 . 2 0 4 0 . 2 0 7 0 . 2 1 7 0 . 2 0 7 0 . 2 1 1 0 . 2 1 8 0 . 2 3 3
b . t h e r m a l  e f f . 0 . 4 1 4 9 0 . 4 0 9 0 0 . 4 0 2 5 0 . 3 8 4 2 0 . 4 0 3 4 0 . 3 9 5 9 0 . 3 8 3 2 0 . 3 5 8 0
f u e l  /  r e v  C k g .  ) 4 . 9 0 2 4 . 0 7 7 3 . 0 6 7 1 . 9 9 1 4 . 4 0 6 3 . 6 1 5 2 . 7 0 9 1 . 6 8 1
max c y t  p r e s s u r e  (  b a r  . ) 1 4 9 . 9 5 1 2 4 . 0 9 9 5 . 4 6 6 5 . 5 8 1 2 9 . 1 9 1 0 6 . 1 0 8 2 . 9 0 5 5 . 6 7
e x h a u s t  t e m p e r a t u r e ( d e g  k ) 9 3 2 . 2 9 8 9 8 . 2 7 8 3 6 . 2 4 7 4 0 . 6 6 9 6 2 . 9 5 9 2 6 . 8 9 8 5 9 . 2 4 7 5 6 . 5 4
mass f l o w  ( k g / m i n ) 2 3 . 4 6 6 1 8 . 1 5 5 1 3 . 0 3 1 7 . 5 4 8 2 3 . 1 0 9 1 8 . 0 1 3 1 3 . 3 1 7 8 . 0 2 6
p e r c e n t a g e  h e a t  t o  c o o l a n t 1 0 . 8 8 1 2 . 4 9 1 4 . 9 9 2 0 . 4 5 1 0 . 9 5 1 2 . 5 3 1 4 . 8 0 1 9 . 7 5
c o m p r e s s o r  s p e e d  ( r . p . m . ) 8 7 3 5 . 8 7 3 9 7 . 7 5 9 6 8 . 0 3 4 5 9 . 8 7 3 5 3 . 0 6 1 1 6 . 0 4 7 6 1 . 2 2 6 3 6 . 3
c o m p r e s s o r  p r e s s u r e  r a t i o 4 . 2 4 1 3 . 5 0 0 2 . 7 2 8 1 . 9 3 1 3 . 7 2 5 3 . 0 5 1 2 . 4 1 1 1 . 6 8 3
mass f l o w  ( k g / m i n ) 3 4 . 0 3 2 2 8 . 6 1 5 2 2 . 9 3 6 1 2 . 5 1 9 2 8 . 0 7 9 2 3 . 3 2 4 1 7 . 9 5 9 8 . 9 0 8
c o m p r e s s o r  po we r  ( kw.  ) 1 3 0 . 0 0 9 0 . 4 1 5 3 . 5 9 1 9 . 1 0 9 5 . 5 7 6 3 . 7 3 3 5 . 8 9 1 1 . 4 9
c o m p r e s s o r  t o r q u e  ( n . m ) 1 4 2 . 0 5 1 1 6 . 6 5 8 5 . 7 2 5 2 . 6 8 1 2 4 . 0 7 9 9 . 4 7 7 1 . 9 6 41 . 6 0
d e l i v e r y  t e m p e r a t u r e  ( d e g  k) 5 3 9 . 4 7 5 0 0 . 9 0 4 5 2 . 5 2 4 0 4 . 4 5 5 1 5 . 2 0 4 7 5 . 8 5 4 3 2 . 5 3 3 9 0 . 4 5
c o m p r e s s o r  e f f i c i e n c y 0 . 7 0 1 0 . 7 1 4 0 . 7 4 6 0 . 7 1 2 0 . 7 0 2 0 . 7 2 1 0 . 7 5 1 0 . 6 5 3
t u r b i n e  s p e e d  ( r . p . m ) 5 0 4 6 6 . 9 4 5 3 9 1 . 5 3 3 6 2 6 . 3 3 3 0 7 8 . 1 5 0 0 3 2 . 0 4 4 0 6 1 . 0 3 9 2 3 0 . 1 2 4 9 3 5 . 2
t u r b i n e  p r e s s u r e  r a t i o 4 . 1 1 8 3 . 3 7 8 2 . 6 0 6 1 . 8 0 9 3 . 6 0 3 2 . 9 2 9 2 . 2 8 8 1 . 5 6 0
mass f l o w  ( k g / m i n ) 3 4 . 9 0 1 2 9 . 2 8 5 2 3 . 3 9 1 1 2 . 7 5 4 2 8 . 9 5 2 2 3 . 9 4 9 1 8 . 3 6 6 9 . 1 2 3
t u r b i n e  po we r  ( k w ) 1 2 1 . 1 8 8 1 . 0 6 4 3 . 7 0 1 0 . 4 5 9 9 . 1 4 6 3 . 5 1 3 2 . 4 4 6 . 0 5
t u r b i n e  t o r q u e  ( n . m ) 2 2 . 9 2 1 7 . 0 5 1 2 . 4 0 3 . 0 1 1 8 . 9 1 1 3 . 7 6 7 . 8 9 2 . 3 2
i n l e t  t e m p e r a t u r e  ( d e g  k ) 8 2 0 . 7 7 7 6 4 . 4 3 6 8 1 . 6 0 6 1 5 . 3 8 8 9 2 . 2 3 8 3 4 . 5 2 7 5 8 . 9 4 7 2 3 . 6 9
t u r b i n e  n o z z l e  a n g l e 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6
t u r b i n e  e f f i c i e n c y 0 . 7 7 0 0 . 7 6 3 0 . 7 4 3 0 . 6 5 7 0 . 7 6 5 0 . 7 5 7 0 . 7 4 2 0 . 7 2 1
o u t p u t  s h a f t  s p e e d  ( r p m ) 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 0 5 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0 1 6 0 0 . 0 0
o u t p u t  s h a f t  p o w e r  ( k w) 2 1 4 . 7 2 1 5 8 . 6 0 1 0 1 . 6 2 4 6 . 6 3 2 2 7 . 6 1 1 6 7 . 4 2 1 0 7 . 7 7 4 9 .  13
o u t p u t  s h a f t  t o r q u e  ( n . / m ) 1 9 5 1 . 9 7 1 4 4 1 . 7 8 9 2 3 . 7 9 4 2 3 . 9 0 1 3 5 7 . 9 0 9 9 8 . 8 2 6 4 2 . 9 5 2 9 3 . 0 8
o u t p u t  s h a f t  s f c  ( k g / k w . h r ) 0 . 2 2 5 0 . 2 3 2 0 . 2 4 5 0 . 2 7 9 0 . 2 1 8 0 . 2 2 6 0 . 2 4 2 0 . 2 8 4
o u t p u t  t h e r m a l  e f f i c i e n c y 0 . 3 7 1 0 0 . 3 6 0 2 0 . 3 4 0 8 0 . 2 9 9 0 0 . 3 8 2 6 0 . 3 6 8 4 0 . 3 4 4 4 0 . 2 9 3 7
e n g i n e  f u e l  f l o w  ( k g / m i n ) 0 . 8 0 5 0 . 6 1 2 0 . 4 1 5 0 . 2 1 7 0 . 8 2 7 0 . 6 3 2 0 . 4 3 5 0 . 2 3 3
d y n a m i c  i n j e c t i o n ( d e g r e e  c a ) 3 3 8 . 0 3 4 0 . 0 3 4 2 . 9 3 4 5 . 7 3 3 9 . 4 341  . 0 3 4 2 . 7 3 4 5 . 0
d u r a t i o n  o f  i n j e c t i o n 2 7 . 1 2 2 . 9 1 7 . 8 1 3 . 7 2 5 . 6 2 1 . 6 1 7 . 7 1 3 . 4
t u r b i n e  g e a r  r a t i o 4 8 . 1 4 3 . 2 3 2 . 0 3 1 . 5 3 1 . 3 2 7 . 5 2 4 . 5 1 5 . 6
p r e s s u r e  l o s s  i n  p i p e  a ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  b ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 - 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  c ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
p r e s s u r e  l o s s  i n  p i p e  d ( b a r ) 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
T a b le - 5 .5 b
CUMMINS L 1 0  0  C C c U ^ n  p o i n t  35 s i  60 0
number  o f  c y l i n d e r s 6 . 0 b o r e ( m . m . )  125 . 0 3 s t  r o k e ( m. m . )  1 3 6 .
c o n - r o d  l e n g t h  C m . m . ) 2 1 7 . 7 8 i n l e t  v a l v e C 1 os i nq ( de gs  ) 193 . 0 c o m p r e s s o r  s c a l e  f a c t o r 1 . 1
a m b i e n t  t e m p e r a t u r e  ( deg k ) 3 1 3 . 3 a m b i e n t  p r e s s u r e  ( b a r  ) 0 . 8 4 c o o l e r  e f f e c t i v e n e s s O. i
c o m p r e s s i o n  r a t i o 1 6 . 3 0 e n g i n e  d i a g r a m  f a c t o r 0 . 9 1 0 1 t u r b i n e  f l o w l o s s  f a c t o r 0 . ‘
- - - - -  c o m p r e s s o r  g e a r  r a t i o  9 . 5 5 0 0 o u t p u t  s h a f t  g e a r r a t i o  1 . 4 4 5 0  -----------
e n g i n e  s p e e d ( r . p . m ) 2 0 1 4 . 2 5 1 9 0 1 . 4 0 1 7 7 0 . 8 5 1 5 6 9 . 3 0 2 1 5 5 . 0 5 2 0 5 6 . 4 4 1 9 1 6 . 7 9 1 7 9 5 . 3 0
b o o s t  p r e s s u r e  r a t i o 3 . 1 7 7 2 . 5 0 6 1 . 0 7 3 1 . 3 3 5 2 . 9 4 8 2 . 4 4 3 1 . 8 6 5 1 . 3 3 1
d e l i v e r e d  a i r  t o  f u e l  r a t i o 2 7 . 0 3 5 2 8 . 4 6 5 3 0 . 0 7 0 31 . 7 8 6 2 7 . 2 9 0 2 8 . 4 2 3 3 0 . 0 8 1 2 9 . 0 5 6
d e l i v e r y  r a t i o 0 . 8 5 2 0 . 8 5 2 0 . 8 5 1 0 . 8 4 7 0 . 8 5 1 0 . 8 5 1 0 . 8 5 1 0 . 8 4 7
m a n i f o l d  temp ( deg  k ) 3 4 0 . 6 5 0 3 3 8 . 4 0 2 3 2 7 . 2 5 1 3 1 0 . 1 6 5 3 5 0 . 0 4 0 3 3 8 . 3 3 6 3 2 7 . 6 7 1 3 2 3 , 2 8 4
e n g i n e  p o w e r  ( k w.  ) 2 4 0 . 2 0 1 7 9 . 8 8 1 1 0 . 8 6 5 9 . 7 3 2 4 0 . 2 0 1 7 9 . 8 1 1 1 9 . 8 1 7 1 . 1 1
e n g i n e  t o r q u e  ( n . m .  ) ) 1 1 3 0 . 3 0 0 0 5 .  10 6 4 7 . 0 4 3 6 5 . 5 6 1 0 6 4 . 8 6 8 3 6 . 9 4 5 9 8 . 6 1 3 8 0 . 8 9
b . m . e . p  ( b a r  ) 1 4 . 2 8 1 5 1 1 . 3 3 0 1 3 . 1 0 6 1 4 . 5 5 8 2 1 3 . 3 4 8 6 1 0 . 4 7 1 4 7 . 4 8 5 9 4 . 7 4 3 9
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i n l e t  t e m p e r a t u r e  ( d e g  k ) 0 1 7 . 7 4 8 7 6 . 1 0 7 9 9 . 6 3 7 0 7 . 1 8 0 6 3 . 4 9 9 2 8 . 9 6 8 7 6 . 2 5 8 4 7 . 7 6
t u r b i n e  n o z z l e  a n g l e 8 . 8 8 6 8 . 8 e 6 8 . 8 8 6 8 . 8 8 6 8 . 8 8 6 8 . e 3 6 8 . 8 8 6 8 . , 8 8 6
t u r b i n e  e f f i c i e n c y 0 . 7 6 2 0 . 7 5 4 0 . 7 0 3 0 . 6 7 3 0 . 7 5 9 0 . 7 3 9 0 . 7 3 7 0 . 6 9 0
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EXPERIMENTS AND EVALUATION OF 
GEARBOX LOSSES OF THE LEYLAND 520 DCE
6.1 Background
The most recent prototype DCE, equipped with the Leyland 500 6-cylinder 
8.21. DI engine, has been built up and fu lly  instrumented. Steady state tests have 
been completed and the results at all the test points optimised.
Generally, these results are very encouraging. Fig-6.1 shows the overall 
system efficiency obtained by D. Prince[4l], from some preliminary experiments. 
The significant effect of the optimisation can also be seen, the area embraced by 
constant efficiency lines being broadened.
Fig-6.2 shows the experimental overall efficiency contours obtained in the 
course of recent experiments. Certain improvement has been made over those by D. 
Prince. Further, the operation of the system has been pushed towards a higher load 
area, approaching the theoratically caiculated limiting torque curve.
Although confidence can be placed in the accuracy of the overall system 
performance data from experiments(e.g overall efficiency), which are the results of 
direct measurements, uncertainty still exists in terms of the performance of some 
individual components. This uncertainty applies particularly to gearbox losses.
In the experiments, the engine speed and torque, the output shaft speed and 
torque, i.e. engine power and output power, are measured; the compressor power is 
interpolatedCor extrapolated) from the m anufacturer’s limited experimental data, 
while the turbine power is calculated according to the enthalpy difference between 
the exit and inlet, based on measured temperature. The gearbox loss is subsequently 
calculated from a system energy balance, i.e.
Win — Wout
We +W t =W c +Wo I s  +WI
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i.e.





Wo Is  output shaft power 
Wl (gearbox)loss
As is well known, gear train transmission systems are usually very efficient. 
However, the data from the experiments do not seem encouraging. As an 
approximate measurement, the overall transmission efficiency of the system can be 
defined as (actual output power)/(ideal output power), the ideal power being 
derived from the geartrain arrangement with zero transmission loss. In this 
investigation, six sets(A-F) of typical experimental data, Table-6.1, are examined in 
detail. The overall transmission efficiencies at these operating points can be 
calculated. These points are plotted on an output torque and speed map, togather 
w ith their respective transmission efficiencies, Fig-6.3. It can be seen that these 
efficiencies are comparatively low, all under 80%.
Whether these data are realistic depends on the accuracy of the compressor 
power Wc and the turbine power W t . The present investigation has been carried 
out experimentally. Accordingly, it is both necessary and informative to give a brief 
account of the experimental facilities and procedures in the first place.
6.2 Experim ental Facilities
6.2.1 M echanical Components
The general layout of the experimental plant is shown in Fig-6.4, and Fig-6.5 
is a schematic of the gas flow paths connecting various components. As can be seen, 
the pipe lines are longer than those applicable to a practical application. However, 
efforts have been made to construct the best possible arrangement, consistant with 
the need for extensive flow, torque and other measurements. It should be noted that 
the experimental prototype, unlike the DCE discussed in earlier chapters, employs a 
fixed ratio step down gearbox between turbine and output shaft, rather than a CVT.
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a)Engine
The engine used is a Leyland 520 6 cylinder in-line diesel, with certain 
modifications, i.e. integral block and head, low compression ratio pistons and 
uprated fuel pump. Some important parameters are listed below:
cylinder bore 
stroke






















max torque speed 
max torque power
2600rpm
266kw at 3:1 boost 
1673rpm
229kw at 3.8:1 boost
There are two aspects which deserve special attention. One is that a variable 
injection timing device has been implemented. The basic design is a helically-splined 
shaft and a matching collar, Fig-6.6. As the collar is moved up the shaft, an angular 
displacement is produced between the two components and thus, being incorperated 
in the fuel pump drive, injection timing can be retarded. The collar can be moved 
by a yoke and arm driven by a jack which is connected up to its servovalve, giving 
a range of 22deg. crankshaft angular displacement.
Another aspect is that the mechanical governor has been removed from the 
fuel pump, while a jack and LVDT have been installed instead. Therefore, rack 
position can be controlled directly through an electronic system.
Fig-6.7 shows the servo-systems for timing and rack position, together with 
those for nozzle angle and a compressor brake(to prevent compressor reversal).
- 8 8 -
b C om pressor








max power absorption 173kw
rated power absorption 73.97kw
c)Turbine
The turbine is derived from a Napier Co-45 radial inflow type. Variable 
nozzles are implemented and the mechanism is shown in Fig-6.8. Each nozzle is 
mounted on a rod. The arms on the outside end of the rods are attached by a spring 
steel tab to a ring which can rotate, guided by three roller bearings fixed to the 
housing, thus varying the nozzle orientation and hence the flow area(0-5 square 
inch). This rotating ring is actuated by a hydraulic jack and an accompanying 
LVDT gives position feedback(Fig-6.7).
rated output 
rated inlet temp, 
rated P-ratio 
max torque output 









2 Sundstrand variable swash axial piston pumps in parallel driven by a 
splitter gearbox, are employed to dissipate energy through a relief valve by 
converting pressure into temperature. The associated hydraulic block is shown in 
Fig-6.9. Use of two pumps is matched by tw in valves and twin coolers.
Load control is again implemented by use of electronics. The torque is 
controlled by ajusting the pump outlet pressure through a servovalve.
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It is required that the two pumps are equally loaded at all times. The system 
adopted is shown in Fig-6.10, in which a single cone pilot stage is used to set the 
same max pressure limit for both pumps; a single pressure tapping is used to supply 
the servovalve and the same servo-pressure is applied to both loading valves. Some 
important parameters are shown below:
rated speed 2400rpm
rated power at 35-bar(each)
rated flow 4001/min at rated speed(each)
The rating for the splitter gearbox is as follows:
rated speed input 3409rpm
rated speed output 2440rpm
rated speed ratio 1.392:1
rated power 275kw
e)Gear tra in s
The geartrains including the epicyclic geartrain, compressor and output shaft 
step-up gears and turbine geartrain are shown in Fig-6.11, in which the rated and
stall speeds of all elements are indicated. The various ratios are listed below:
annulus to sun 3.074:1
sun to compressor 2.872:1
plnnet carrier to output shaft 2.44:1 
turbine to output shaft 14.67:1
6.2.2 Instrum entation and Data Acquisition
All test data and controls are brought out to an instrumentation rack(Fig- 
6.12) and manometer board outside the test cell.
a )Speeds
Magnetic pick-ups and toothed wheels are used to measure the engine(l20T), 
output shaft(120T) and compressor(60T) nominal speeds. The obtained signals are 
processed by f-V converter cards and subsequently displayed in the 
instrumentation panel.
Each of two sets of a once/rev marker and an optical pick-up is used to count 
the engine and output shaft revolutions. These and a time recording counter, are
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operated simultaneously (with the fuel weighgear) to obtain average speeds.
The output shaft speed signal from the 120T wheel and the engine speed 
signal from a magnetic pick-up and another 154T wheel are used to obtain a 
compressor speed with a calculating card. This calculated compressor speed is used 
as an independent check on the measured one(from the 60T wheel). Turbine speed is 
calculated from the fixed gear ratio relative to the output shaft.
A dc tachogenerator is mounted on one of the hydraulic pumps for 
dynamometer control purpose.
b)Torque
Strain gauge torque transducers are used to measure the engine and output 
torques. The output torque meter is conditioned by its own bridge-amplifier box. 
which has a mechanical meter on it. and the output is passed through a gain/olfset 
card to make it suitable for use as a feedback signal for the dynamometer controls. 
A digital readout in the controls gives the torque reading.
The engine torque meter is conditioned by an amplifier card and displayed on 
aDVM .
Compressor torque cannot be directly measured but is inferred from the 
m anufacturer’s experimental data. It is also impossible to obtain a direct 
measurement for the turbine torque; rather, turbine power is calculated from the 
temperature drop across the turbine, mass flow and pressure ratio.
c)Gas Pressures and Temperatures
A pressure transducer is used to measure the compressor delivery pressure in 
the plenum. The obtained signal is conditioned by instrument amplifier and 
displayed on a DVM. For other pressures, manometersCwater or mercury as 
relevant) are employed to obtain the pressure differences against certain datum 
values(compressor delivery pressure in many cases), and the manometers are all 
displayed on a manometer board.
No.l cylinder pressure is measured by a Kistler 6502 pressure transducer. The 
output is directed to a charge amplifier to convert it to a voltage and can be shown 
on an oscilloscope.
All temperatures, including inlet and exhaust manifold temperatures, the 
inlet and outlet temperatures of the turbine and compressor, etc. are measured by
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thermocouples, which are connected to one of the two switching/display units, one 
up to 200deg.c(’cold‘) and the other up to 1400deg.c(’hot’).
d)Gas Flows
Two mass flows are measured. An orifice plate is placed at the compressor 
inlet pipe section for the total system flow and another one is mounted on the pipe 
section between the compressor outlet plenum and engine inlet manifold for engine 
mass flow. From these two measurements the bypass flow can also be determined.
e)Fuel Flow
The fuel system is shown in Fig-6.13. The engine can be switched between the 
tank- supply and a beaker. The steady state fuel flowrate can be measured 
accurately by the beaker on a set of scales. When a quantity of fuel(equivalent to 
the counter weight of the scale) is being consumed from the beaker, the time 
elapsed, and the engine and output shaft revolutions passed during the same period 
are recorded simultaneously. Therefore the fuel flowrate(and the average speeds of 
the engine and output shaft) are obtained.
An in-line positive displacement fuel flow meter mounted on the supply line 
can produce a pulse for every unit of fuel flow through a f-V  converter device, to 
provide a flowrate feedback signal for governor constant fuel control purposes.
f)In je c tio n  T im ing , Rack Position and N ozzle A ngle
Three position transducers are used in parallel with the servo-driven jacks to 
provide position feedback signals for rack, nozzle angle and timing controls, Fig-6.7.
A 360T plate on the engine flywheel provides pulses every degree of 
crankshaft rotation. This can be combined with the once/rev marker on the 
flywheel at the TDC to give the instantaneous crankshaft position.
6.2.3 Control System
a )Engine Governor
This is a rack position loop around rack servo-vale, Fig-6.14. The rack 
demand comes through a limiting circuit which provides an adjustable maximum 
fuelling stop. There are three running modes, i.e. speed, rack and fuel demands. In 
speed and fuel modes, a rack demand is generated by the error between the demand 




A torque control through an electro-hydraulic servo-valve is applied, which is 
capable of three modes. Fig-6.15. In speed demand mode, the torque demand is 
generated from the error between the demanded and feedback speeds. In torque 
demand mode, the demand signal is applied directly to the torque loop. In windage 
mode, a torque demand which increases linearly with speed feedback signal, is 
generated.
c)ln jec tio n  Tim ing and Turbine N ozzle Angle
In both cases, a simple position demand loop is aapplied. For timing, the 
feedback signal comes from the carrier-amplifier card and the error voltage is 
converted to a current and used to drive the servovalve. while for nozzle angle, the 
feedback signal comes directly from the LVDT.
d)Bypass Flow
A  butterfly valve is mounted in the bypass duct. However, in the steady state 
tests, the effects of bypass flow control is not particularly strong, therefore the 
bypass valve is always left wide open.
6.2.4 Data Processing
For effective control and experiment, a microprocessor has been commissioned. 
Run time data can be recorded via keyboard during tests. W ith special software, the 
records can be updated automatically. Further, all the system performance data can 
be calculated(using a data reduction program) and then systematically stored in 
discs, which can be printed out as needed. Fig-6.24 is a sample of data output.
6.3 Investigation  o f Gearbox Losses
Theoretical prediction of gearbox losses with reasonable accuracy is very 
difficult. In the present case, use of an epicyclic geartrain further complicates the 
matter, particularly considering that the operating condition of this geartrain (speed 
and load of individual gears) varies over a very wide range. On the other hand, 
experiments can be straightforward, provided accuracy can be assured. The 
uncertainty concerning gearbox losses arises from the fact that the physical 
arrangement of the components makes it impossible to fit torquemeters to the 
compressor and turbine shafts which account respectively for the sungear and part
-93-
of the planet carrier torque (see Fig-6.16).
The adopted experimental procedure is based on the assumption that the 
compressor performance data, deduced from the m anufacturer’s map, are accurate, 
while the major source of error is the turbine performance data. In order to 
eliminate this error term, the turbine has been dismantled, in an attempt to isolate 
the gear loss, by running the engine-compressor-gearbox combination, as far as 
possible, under similar conditions to those for the complete unit. Therefore the 
accuracy of the results can be improved.
Fig-6.16 shows the connection between various components, i.e. the engine, 
compressor, turbine and output shaft through the gear arrangement. If the turbine 
is disconnected, the torque contribution of the turbine to the output shaft will be 
eliminated. The following relationship will hold:
We = Wc +Wo Is  +WI
i.e.
Wl =  We - W c - W o  Is  (2)
Clearly, if the accuracy of Wc can be guaranteed, the gearbox losses thus 
obtained will be realistic.
Experiments were carried out against the steady state tests. Essentially, at a 
specific operating point, the engine and the compressor are brought to the same 
conditions as those when the turbine is fitted: and at the same time, the output shaft 
speed is maintained. In the absence of the turbine, the output shaft torque is equal 
to that part contributed by the engine. In the following investigation, only some 
typical data are used. Table-6.2. These data correspond to those in Table-6.1 in 
terms of operating conditions.
The gearbox losses with and without the turbine at the selected operating 
points are shown in Fig-6.17 on an engine torque(fixed) and output shaft speed map. 
Generally, the gearbox losses have been substantially reduced when the turbine is 
disconnected. As can be seen, some contradictory results have been obtained: at two 
operating points, negative loss values have been obtained, i.e. power was generated 
by the gearbox.
From equation(2), it can be seen that the reason for this anomaly can only 
result from inaccuracies in the compressor operating data. Obviously, if the deduced 
compressor power is too high, then the gearbox losses will be underestimated and
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vice versa.
Before any further discussion, it is necessary to make clear the interaction 
between various components in the geartrain. particularly the turbine geartrain in 
relation to the epicyclic set. Fig-6.16. Because the turbine(when fitted) transmits 
power directly to the output shaft, it does not alfect the power balance in the 
epicyclic; this is certainly true under steady state conditions. Consequently, if the 
engine torque and speed, and the output shaft speed are fixed, then the operating 
condition of the epicyclic will be fixed, and hence also the losses in it.
Further, assuming that the losses in the turbine geartrain are essentially speed 
dependent, i.e. not severely dependent on turbine torque, similar losses will be 
obtained whether the turbine is operative or not; therefore one would expect that 
the total losses with and without the turbine should be approximately the same, 
provided the system is working under the same conditions(fixed engine torque and 
speed, and fixed output shaft speed).
However, because of the errors which exist in both the compressor and 
turbine performance data, it is impossible to draw any sensible conclusion at this 
stage. Clearly, it is essential that these errors be identified and subsequently 
rectified if possible. For this purpose, operations of major individual components 
will be assessed.
a)Compressor Operation
In the following the deduced compressor power is compared with its ideal 
value(lossless) based on epicyclic gearbox torque and speed balance, thus gaining an 
insight as to how and to what extent the deduced data deviate from realistic values. 
As a m atter of convinience, the data without turbine will be used in the 
analysis(T able-6.2 ).
Under ideal conditions, the compressor torque can be derived from the engine 
torque as follows:
( re  )i =Te / cgr 
and the power will be










overall compressor gear ratio
If the transmission loss through the compressor geartrain is Wlc , then 
( Wc )i =(W c )a +Wlc
Where (Wc )a represents the actual compressor power. Clearly, under any 
circumstances, the actual power will be less than the ideal power(the compressor 
power consumption is less than that ideally provided by the engine through the 
geartrain). Unfortunately, direct measurement of compressor power is impossible. 
Instead it has to be deduced from manufacturer’s data(Fig-6.19), where compressor 
power is expressed as function of speed and pressure ratio.
Fig-6.18 shows the ideal and deduced compressor power at the selected 
operating points(as in Fig-6.17) on the engine torque and output shaft speed map. 
These data show that the deduced values are very high, most of them being fairly 
close to the ideal values. Particularly in some cases(A, C and F), the deduced values 
exceed the ideal values. Obviously, these cannot represent the actual compressor 
power. The error may result from the way in which the manufacturer’s map is used 
to calculate the compressor performance data.
The manufacturer’s map is presented in two separate graphs. One represents 
power against speed, w ith pressure ratio as parameter, Fig-6.19. The other 
represents the volume flow rate against speed, again with pressure ratio as 
parameter, Fig-6.20. In these graphs, the compressor speed is limited to between 
4600 and 9600rpm, and the pressure ratio to between about 1.685 and 3.647. In the 
experiments, these two graphs are digitised in the form of numerical arrays and the 
compressor performance data at a specific operating point are obtained by 
interpolation if this point lies within the limits of the two manufacturer’s graphs, 
or by extrapolation if otherwise. Usually, data from interpolation should be fairly 
accurate. Whilst error can rarely be incurred as a result of the speed lying outside 
the limits in the manufacturer’s graphs, as can be seen, for fixed pressure ratio, both 
the power and flow rate are linearly related to speed; extrapolation outside the 
pressure ratio limit can certainly lead to inaccuracies, as can also be seen, the lines 
of constant pressure ratio on both graphs show very irregular patterns, as far as 
their spacing is concerned; however, in the data reduction program used in the 
experiments, simple linear interpolation(extrapolation) is applied, which is 
apparently inappropriate.
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In Fig-6.21 the compressor geartrain efficiency cge defined as (deduced 
compressor power)/(ideal compressor power) as well as the gearbox losses at the 
selected operating points (without turbine) are shown in a synthesised compressor 
map derived from Fig-6.19 and Fig-6.20. From this plot, it can be seen that the 
operating points where major error occurs(deduced power greater than the ideal 
values and accompanied by negative gearbox losses), lie in the area far beyond the 
m anufacturer’s data limit in terms of pressure ratio(A and C). While within the 
pressure ratio limit, reasonable rsults can be obtained even if the speed lies in the 
area where extrapolation has to be carried out(B.D); if errors do occur, their 
magnitudes would be very small(F).
Of all the six points, only one(E) lies within the manufacturer’s data limits, 
with a transmission efficiency of 98.6%. If the manufacturer’s data are considered 
accurate, the deduced compressor performance data at this point should also be 
taken as accurate. If this is accepted, it could be concluded that cge is very high and 
Wlc very low. Points B and D may be similarly considered, though this might not 
be strictly correct.
It can be seen that cge’s at points B. D and E are very close, the differences 
between them being under 1%. If the accuracy of these values is taken as acceptable, 
then it should be expected that no significant error would result if an average value 
of 0.985 is assumed at those points where anomaly occurs(points A, C, F). From 
this the actual compressor power can be adjusted and further, overall gearbox losses 
can be corrected. Fig-6.22 compares the originally calculated losses and the 
corrected values. Clearly, anomalous negative losses have been eliminated. Further, 
it can be seen that the loss increases with engine torque and output shaft speed, and 
the losses appear to be more speed-dependent. Although at point A, the original 
negative value has been corrected, the very low loss tends to suggest that the 
assumed efficiency of 98.5% might still be too high; however, condidering the very 
low output shaft speed at this point, this could be accepted. Generally this figure 
looks reasonable.
b)Output Sha ft Operation
A procedure similar to that for the compressor analysis can be employed to 
deal w ith output shaft operation. Again the results without turbine will be 
considered(Table-6.2).
There is the following relationship between the ideal and the actual output
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power:
{Wo / s  )i = {Wo Is  )a +Wlo Is
where
{Wo I  s ) i  ideal output power
{Wo l s ) a  actual output power
Wlo / s  represents the transmission loss through the output shaft geartrain 
(through the epicyclic set) (strictly, this should include the loss which occurs 
through the turbine geartrain which remains while the turbine is disconnected). 
Clearly, the ideal power is dependent on the engine torque and output shaft speed:
( t o  I s  ) i  — T e  f o g r
{Wo Is  )i —K.  ( t o  I s  )i.No Is
where
( t o  I s  ) i  ideal output torque
ogr overall output shaft gear ratio
No Is  output shaft speed
K  constant(2ir)
Fig-6.23 shows the output shaft geartrain loss and an arbitary output shaft 
geartrain transmission efficiency defined as (measured power)/(ideal power), again 
on an engine torque/output speed map: it should be stressed that the output shaft 
geartrain efficiency only takes into account the engine power contribution and the 
loss incurred between the annulus and the output shaft. This figure also suggests 
that loss increases more rapidly with speed than with torque.
It can be seen that these values are considerably improved over those when 
the turbine is fitted. Fig-6.3, because the turbine geartrain loss is excluded. This 
indicates that the losses through the output shaft geartrain are comparatively small, 
while those in the turbine geartrain predominate.
c)Turbine Operation
As stated previously, the original assumption was that the major errors in the 
experimental results came from the turbine performance data. It is obviously 
necessary that this be clarified. The following analysis w ill therefore be based on 
Table-6.1, i.e. results with turbine.
There are indeed cases in which gross error occurs in the turbine data. For
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example, the original data set C is shown in Fig-6.24. A turbine isentropic efficiency 
of 170.73% is reached, due to inaccurate measurement of outlet temperature. In 
order to carry out sensible evaluation, an arbitary value of 65% was assumed for 
this point instead(Table-6.1), although this cannot be verified in the absence of a 
turbine torquemeter.
In other cases, turbine efficiencies are generally very high, values of from 85% 
to 92% have been obtained, which shows that errors may also exist in these data, 
possibly for similar reasons.
Errors in measured temperatures at either turbine inlet or exit will result in 
errors in calculated enthalpy difference between these two points, on which the 
turbine efficiency calculations are based.
Suppose that the accuracy of turbine inlet temperature is acceptable, then 
turbine performance data can be adjusted by adopting a more realistic efficiency 
value. As is well known, a unique relationship exists between turbine blade speed 
ratio and efficiency(especially total-total efficiency). Accordingly the reliability of 
the experimental turbine efficiencies can be assessed. For this purpose, the following 
table is obtained.
set A B C D E F
eff(exp.) 0.479 0.851 0.65 0.909 0.770 0.926
U/C 0.143 0.276 0.312 0.604 0.546 0.779
(effXT-S) 0.209 0.399 0.45 0.651 0.633 0.617
(W tXkw) 30 10.4 39.9 24.8 58.1 34.2
note:
eff(exp.) experimental efficiency
U/C blade speed ratio
(effXT-S) interpolated efficiency from the typical
(eff)(T-S) curve based on U/C 
(W t) turbine power based on (eff)(T-S)
Fig-6.25 shows the typical total-total and total-static efficiencies of radial
inflow turbines, against blade speed ratio, with the experimental turbine efficiencies
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at the selected operating points superimposed. As can be seen, these values are much 
higher even than the total-total efficiencies at the same blade speed ratio points.
Assuming that Fig-6.25 fits the actual characteristics of the turbine in the 
present case, more realistic turbine efficiency can be obtained by interpolation from 
the t-s efficiency curve, and hence more realistic turbine power can be calculated, as 
presented in the above table. In most cases, the turbine efficiency and power are 
substantially reduced, compared with the values given by the data reduction 
programCabove table) using enthalpy drop.
Further, if the compressor power is also corrected[see section a)Compressor 
Operation], the gearbox losses can be adjusted(here cge’s are restricted under 98.5%). 
As shown in Fig-6.26, substantial differences exist between these and the original 
values, the reduction of these losses being mainly the results of the reduction in 
adjusted turbine power.
d  )D istribution o f  Gearbox Losses
Having adjusted the compressor and turbine power, and the gearbox losses, it 
is possible to investigate the distribution of losses in greater detail. If the operating 
condition within the epicyclic(engine torque and speed, output shaft speed) are 
exactly the same whether the turbine is fitted or not, the turbine power 
contribution to the output when the turbine is fitted can be roughly calculated by 
subtracting the output power without turbine from the output power with turbine; 
and the turbine geartrain loss can be obtained from this power term and the actual 
turbine power. However, slight changes do occur in the operation within the 
epicyclic(e.g engine torque, compressor pressure ratio), which makes this procedure 
difficult. Therefore an alternative approach has to be adopted.
The compressor geartrain loss can be calculated as before, while the output 
shaft geartrain loss can be calculated by adopting the efficiencies in Fig-6.21, which 
only affect the engine contribution to the output. The turbine geartrain loss can 
finally be calculated from  the above two terms and the total loss. The results are 
tabulated below (W l=total gearbox loss):
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set A B C D E F
W l(kw ) 12.5 11.2 18.3 17.0 37.2 32.0
W lc(kw) 2.28 0.75 1.29 0.51 0.98 0.55
W lo/s(kw) 1.72 3.12 4.58 8.1 10.3 11.3
W lt(kw ) 8.5 7.33 12.43 8.39 25.92 20.15
It can be seen that the losses in the turbine geartrain constitute the major part 
of the total loss. loss.
The turbine geartrain loss is plotted in Fig-6.27 on a turbine torque/speed 
diagram. This figure demonstrates the increased loss with load and speed, and again 
the speed is by far the predominant factor. Probably for this very reason, and also 
the fact that the magnitude of the turbine speed is much higher than those of 
output shaft and compressor speeds, the loss in the turbine geartrain is particularly 
high and becomes the dominant part of the total loss. There is a trend in this 
figure(though not strictly  in all cases) which seems to suggest that the transmission 
efficiency increases w ith load. This is because if the load is too low, a greater 
proportion of power has to be consumed to overcome the loss.
The losses in the compressor geartrain in the above table appear to be very 
iregular(the losses being arranged in order of increasing output shaft speed). 
irregular(the losses being arranged in order of increasing output shaft speed). This 
is due to the differential relation in the epicyclic. It can be shown that, to that in 
Fig-6.27 will be obtained.
6.4 Discussion
The geartrain transmission loss from the experiments has been evaluated. 
Clearly this is composed of the loss in the gears, bearings, and of windage loss. D. 
Prince made a preliminary analysis of the gearbox loss and concluded that windage 
loss was the major part. Considering the bulk and the arrangement(e.g. the planet 
travels around the sun gear in a circle at high speed) of the epicyclic, and very high 
speed of revolution of the turbine gear, the resultant windage loss can be expected 
to be very high.
The present investigation comfirms that the turbine geartrain loss is indeed 
the major part. This can be explained by a comparison between the losses when the 
turbine is either dismantled or fitted. As has been shown, the difference is 
substantial. However, the gear arrangements are exactly the same for the two cases,
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indicating that windage losses in these two situations are the same and therefore 
this difference comes from the change in the turbine geartrain loss. Clearly if 
windage loss is the major part, then the differences of such magnitude as the 
experimental data show, would not have been possible.
Whether taking the typical turbine efficiency data(Fig-6.21) to adjust the 
experimental results is approximate, probably needs further investigation. However, 
if this procedure underestimats the turbine efficiency, then by assuming a higher
value, the turbine power will be higher and therefore the resultant gearbox loss will
increase(as the result of an increase in turbine geartrain loss). This would reinforce 
the conclusion reached above.
6.5 Computer M odelling o f Gearbox Losses
■ Prediction of gearbox losses has to take all the individual losses, gear loss, 
bearing loss and windage loss, etc. into consideration. This will make the m atter
very complex, and in fact it is very difficult to ensure a reasonable accuracy.
In theoretical studies gearbox loss is usually resolved into two parts, one 
being speed-dependent and the other load dependent, i.e.




K t  torque related loss coefficient
K n  speed related loss coefficient
N  speed
this equation can be further transformed to: 
r = [ r i  -K n .N  / ( I - K t  )] .(1 -Jft )
let
ge =1 - K t
and
f t  = K n .N  / ( \ - K t  )
then
T = { r i —ft ) . ge  (3)
This is the form of equation used in the simple simulation program DCE2 and 
its other derivatives, where f t  is designated friction torque, and ge the transmission
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efficiency.
Fig-6.28 shows the contours of gearbox losses from the simulation results for 
the CUMMINS L10 engine DCE. The pattern in this figure bears some resemblance 
to that in Fig-6.26(corrected values), in terms of the variation of power losses 
against load and speed. Because f t  is taken as a constant, the influence of speed is not 
very strong as expected. However, in the prediction for CUMMINS L10 DCE. 
instead of fixed turbine gear ratio, an optimum value is obtained. This makes the 
variation of the turbine geartrain loss different from that if a fixed ratio is 
employed. In fact, the turbine is always working at relatively high speeds in a 
relatively narrower range, which will cause the turbine geartrain loss to vary 
similarly. Nevertheless, from the point of view of simulation it is not difficult to 
transfer f t to a speed-dependent variable.
It must concluded that the determination of gearbox losses in the present 
experimental DCE has not been fu lly  resolved. An attempt has been made to 
interpret the results rationally and to allocate component losses.
\ Full resolution of the problem can be achieved only by fitting torquemeters to 
both the turbine and compressor shafts.
Since gearbox losses, as well as certain duct losses, have a very adverse effect 
on the performance of the DCE in its present form, an analysis is carried out in the 
next chapter w ith a view to predicting DCE performance if these losses are reduced 
to a level appropriate to a ’production’ version of the DCE.
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T a b le -6 .1  THE EXPERIMENTAL DATA WITH TURBINE
SET 1 A 1 B I c 1 D 1 E 1 F |
CTjpTfcrp__________rUvLjlIMti--- — ---- — —
speed(rpm) | 1457.0 | 900. | 1585 | 1700. | 2107.0 | 2340.0 |
boost ratio | 3.79 | 2.33 | 3.50 | 1.98 | 2.67 | 1.98 |
manifolt T(K) | 334.4 | 318. | 330. | 320. | 324.8 | 318.4 |
torque(Nm) | 1350.9 | 735.2 | 1245.38 | 675.4 | 980.64 | 720.98 |
power(kw) | 206.15 | 69.3 | 207.30 | 120.35 | 216.83 | 176.59 |
bmep(bar) | 20.79 | 11.26 | 19.08 | 10.34 | 15.02 | 11.04 |
th. effy(%) | 39.76 | 40.53 | 39.22 | 39.66 | 39.24 | 37.27 |
max. cl. p(bar) | 153.7 | 109.4 | 141.8 | 104.59 | 148.62 | 108. |
exh. T(K) | 883 | 665. | 889. | 740. | 880. | 607. |
air flow(kg/m)
rnMPUFQQnp_____
| 24.37 | 8.08 | 22.31 | 13.12 | 21.35 | 17.99 |
LUPlrKLOPUK-----
speed(rmp) | 9502.0 | 2752. | 5826.0 | 4279. | 5618.0 | 4321.0 |
torque map(Nm) | 161.54 | 80.66 | 146.36 | 75.6 | 110.32 | 80.76 |
power(kw) | 161.18 | 23.25 | 89.70 | 34.0 | 65.37 | 36.82 |
isen effy TS(%) | 77.26 | 76.65 | 78.62 | 80.8 | 79.11 | 78.17 |
overall effy(%) | 61.85 | 60.93 | 60.24 | 64.57 | 66.52 | 64.76 |
mass orif(kg/m) | 35.15 | 7.88 | 21.57 | 15.55 | 21.29 | 15.68 |
mass map(kg/m) | 36.74 | 10.02 | 22.31 | 16.92 | 22.57 | 17.44 |
pr | 4.57 | 2.42 | 3.95 | 2.23 | 3.17 | 2.39 |
ini. T(K) | 297. | 294. | 300.6 | 300. | 295. | 300. |
out T(K) | 505 | 404. | 283. | 396. | 440. 1 394. |
1 UJKijlNUi----- --—
speed(rpm) | 10266.9 | 15840. | 24933.9 | 32766. | 39600.9 | 49867.8 |
torque(Nm) | 64.15 | 13.43 | 28.47 | 10.1 | 17.02 1 9-91 1
enthalpy(kw) | 67.90 | 22.32 | 74.43 | 34.68 | 70.71 | 51.70 |
isen effy(%) | 47.85 | 85.09 | 65.0 | 90.85 | 77.02 | 92.64 j
mass(kg/m) | 38.61 | 10.94 | 24.15 | 18.03 | 24.33 | 18.88 |
PrAT i»i frT i»i»
| 3.30 | 2.37 | 3.68 | 2.04 | 2.85 | 2.18 . |
UUlru1----------
speed(rpm) | 700.0 | 1080. | 1700.0 | 2234. | 2700.0 | 3400.0 |
torque(Nm) | 1021.73 | 400.1 | 808.69 | 403.23 | 612.27 | 400.54 |
power(kw) | 73.73 | 45.30 | 144.13 | 94.35 | 173.35 | 142.41 |
th effy(%) | 14.22 | 26.5 | 27.27 | 31.1 | 31.37 | 30.06 |
byp flow(kg/m) | 12.37 | 1.93 1 o. | 3.8 | 1.21 | 0.54 |
Gbox loss(kw) | 39.13 | 23.06 | 47.9
===========
| 26.68 | 48.82 | 49.04 |
T a b le -6 .2  EXPERIMENTAL RESULTS WITHOUT TURBINE
SET 1 A 1 B 1 c 1 D 1 E 1 F |
speed(rpm) | 1456.0 | 900. | 1583.0 | 1702. | 2111.0 | 2338.0 |
boost ratio | 3.79 | 2.36 | 3.63 | 1.96 | 2.61 | 2.01 |
manifold T(K) | 329.4 | 314.4 | 321. | 317. | 323. | 317.3 |
torque(Nm) | 1329.0 | 736.15 | 1262.6 | 667.91 | 977.27 | 722.5 |
power (Jew) | 202.63 | 69.38 | 209.3 | 119.04 | 216.03 | 176.89 |
bmep(bar) | 20.36 | 11.27 | 19.34 | 10.23 | 14.97 | 11.06 |
max. cl. p(bar) | 149.66 | 116.6 | 148. | 1.93 | 127.5 | 108. |
exh. T(K) | 913. | 663. | 913. | 746. | 928. | 635. |
air flow(kg/m) | 22.88 | 8.64 | 22.72 | 12.54 | 20.94 | 18.11 |
vol effy(%) 
rnMPPP<?<?nD_____
| 99.22 | 91.22 | 92.1 | 84.51 | 87.62 | 88.85 |
LunrnuouK-----
speed(rmp) | 9530. | 2750. | 5740.0 | 4342. | 5689.0 | 4327.0 |
torque map(Nm) | 163.17 | 82.14 | 154.6 | 74.73 | 109.41 | 83.64 |
power(kw) | 162.96 | 23.68 | 92.95 | 33.8 | 64.99 | 37.92 |
isen effy TS(%) | 79.71 | 75.85 | 77.66 | 80.88 | 77.41 | 79.71 |
overall effy(%) | 60.42 | 60.37 | 57.83 | 64.29 | 66.65 | 64.27 |
mass orif(kg/m) | 34.17 | 12.00 | 22.04 | 17.36 | 20.24 | 15.07 |
mass map(kg/m) | 35.80 | 10.06 | 21.56 | 17.7 | 22.95 | 16.88 |
pr | 4.62 | 2.45 | 4.13 | 2.21 | 3.15 1 2.45 |
in T(K) | 299. | 290.5 | 298. | 289.5 | 291. | 295. |
out T(K)
OT Pi 'uT iv!1__.
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F i q - 6 .1  Some p r e l im in a r y  e x p e r im e n ta l  r e s u l t s  o f  
th e  L eyland  520 DCE
Output Shaft Brake Thermal Efficiency /  [%]
GI9.0 IJ 3 I .0
CO
□2 7 .0
Output Shaft SPEED /  (rev/m ln)
notes: rated output shaft speed 3409 rev /m ln  
minimum output shaft speed 682  rev/m ln  
LTC * limiting torque curve.
F i g - 6 . 2  Most r e c e n t  e x p e r im e n t a l  r e s u l t s  o f  th e  
Leyland  520 DCE
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Fig-6.16 The connection of various components through 
geartrains
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Fig-6.19 Compressor characteristics (power vs. speed with Pr)
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CHAPTER 7 
SIMULATION OF THE LEYLAND 520 DCE 
EXPERIMENTAL PLANT
In the following investigation, the program DCE2 is used to simulate the 
laboratory Leyland 520 DCE. This has been carried out in two parts, one in which 
more optimistic gearbox loss data are used and hypothetical pressure losses in 
various pipe sections are assumed, in an attem pt to represent the system in a state as 
if it were implemented in a vehicle; the other in which the actual operating 
conditions of the system as measured from experiments are adopted, so that the 
performance of the system in the state of the present laboratory version is closely 
mimicked. Apart from examining the results of these simulations, further attempts 
will be made to assess the operations of the compressor and turbine.
7.1 Brief Presentation of the Experimental Results
Of the limited experimental results available, 16 sets were selected for the 
present investigations, Table-7.1. These data are all optimised and are reasonably 
distributed over the system operating range. These points are located in Fig-7.1, 
representing output shaft torque vs. output shaft speed, the accompanying numbers 
corresponding to the set numbers in Table-7.1. The relevant engine operating points 
are spotted on Fig-7.2, in order to assist the following analysis.
The optimisation was carried out under conditions of fixed engine speed and 
output shaft torque. The turbine nozzle angle is taken as the prim ary control 
variable. For a specific nozzle angle, a set of engine torques and output shaft speeds 
is determined; the best overall efficiency at this nozzle angle can be reached by 
varying the dynamic injection timing as a secondary control variable. Further, by 
running the system over a series of nozzle angles, an optimum combination of 
engine speed, output torque, and turbine nozzle angle is obtained.
The experimentally determined optimum engine speed distribution is 
presented in Fig-7.3, which shows the engine speed increases w ith output shaft
- 1 0 4 -
speed and torque. As output shaft speed decreases, the compressor mass flow will 
increase rapidly, and thus also the bypass flow. A decrease in engine speed will 
counteract this trend, reducing the compressor power and improving turbine 
efficiency. Engine air demand decreases with load, therefore engine speed can again 
be decreased.
Fig-7.4 shows the optimum boost ratio contours, while Fig-7.5 shows the 
engine BMEP, the patterns of the two figures being very similar. Generally boost 
ratio and BMEP increase with output torque. For constant output torque, higher 
boost ratios occur at the lower speed end, due to lower engine speed bu t higher 
engine torque, this relationship being dictated by torque balance in the epicyclic 
gearbox.
Fig-7.6 shows the optimum overall efficiency contours. These are not as good 
as would be expected. The reason for the poor system efficiencies has already been 
discussed in chapter-6. The highest value is about 32%. Along the limiting torque 
curve, efficiency deteriorates w ith decrease in output shaft speed, and clearly an 
efficiency of less than 14% can be expected at the stall point. The specific reasons for 
this are discussed in section-7.2.3(see also Fig-7.20 and Table-7.2a).
In Fig-7.7, engine torque and output torque are quoted a t several low output 
shaft speed/high output torque points. At all these points, the output shaft torque is 
much lower than engine torque. Under these circumstances, it would be difficult to 
obtain the desied high torque rise. The main reasons for this are the high gearbox 
loss and low turbine efficiency, again as already discussed in chapter-6.
Fig-7.8 shows the bypass flow. Although these data are not regularly 
distributed, a general trend can be observed, i.e. bypass flow increases with 
decreasing output shaft speed.
A further feature is the excellent performance of the engine itself. Fig-7.9 
shows the engine efficiency contours on an engine speed/torque map. For almost all 
the operating points, efficiency is above 37% and a value of 41% is reached. This is 
due to the combination of high BMEP operation and variable injection timing. The 
measured dynamic injection timing is shown in Fig-7.10. However, the pattern is 
not quite clear.
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7.2 Preliminary Prediction (first simulation)
7.2.1 General
As mentioned earlier, this part of the simulation work is based on 
transmission and pressure losses which may be expected in a ’developed* DCE unit. 
This includes the following aspects:
a)Gearbox L ossesfsee  chap ter-6 )
In the present laboratory prototype, the gearbox is relatively bulky, and 
suffers from exceptionally high high losses. A ’developed’ unit would have a more 
suitable gearbox, and the transmission efficiency would be higher. The data adopted 
in this part are intended to represent practical values for a purpose built automotive 
system and are as follows:
b)P ressure Losses
Because of the complex pipe arrangement required in the DCE, significant 
pressure losses in various sections can result and this has to be taken into account in 
the simulation process. In this investigation, an arbitrary value of about 0.1 bar is 
assumed for all sections(dpa to dpd as indicated in Fig-7.2). Further, fixed ambient 
conditions are adopted(Ta=293K and Pa=0.99bar) and ambient pressure is taken as 
compressor inlet and turbine back pressure.
It should be noted that no attempts were made in further optimisation. 
Rather, the program was run against the experimental operating points w ith respect 
to engine speed and torque, and output shaft speed. The input data therefore include 
output shaft speed, engine torque, engine speed and injection timing. The results are 










compressor gear efficiency 
output shaft gear efficiency 
turbine gear efficiency 
compressor gear friction torque 
output shaft gear friction torque 
turbine gear friction torque
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7.2.2 Presentation of Results
As the input data implies, the engine operation is largely fixed, such as value 
of BMEP, power, etc. Particular attention has been paid to match the engine 
efficiency. This is shown in Fig-7.11. In most cases, the predicted values are vary 
close to the experimental ones, w ith differences of under 2 percentage points. 
However, at a point denoted 9(set 9) the difference is higher than 3 percentage 
points, which is quite significant. Considering the operating conditions of the engine 
at this point and the general distribution of engine efficiency, the predicted value 
may be considered as acceptable.
The relatively good agreement in efficiency was obtained at the expense of 
inaccuracy in maximum cylinder pressure. As shown in Fig-7.12, the predicted 
value is generally much lower. Relatively significant discrepancy in exhaust 
temperature is shown in Fig-7.13. the data at point 5 being very poor.
The boost ratio(Fig-7.14) can be considered a very good match, except at point 
10 where the difference is 0.17. In most other cases, the difference is under 0.07. A 
very good match was also obtained in terms of engine air mass flow(Fig-7.15), 
except at point 11, where a difference of about 6kg/min is obtained, possibly due to 
a measuring error.
7.2.3 Overall Performance
Having examined the engine operation, the overall performance can be 
assessed. As can be seen, in most cases, the predicted output torque and power are 
increased, therefore the overall efficiency is higher. This is plotted in Fig-7.16. At 
point 4, the predicted value is about 6.7 percentage points higher. However, at 
points 12 and 15, slightly lower values are predicted. The reason is an 
underestimation of turbine power. As can be seen in Table-7.2, set 12, the pressure 
ratio across the turbine is so low(relatively) that (possibly due to a subroutine 
failure) no power is developed from the turbine, but the presence of the turbine 
gear trains still requires that a certain amount of power be consumed in overcoming 
the friction. This further affects the overall efficiency.
Due to inaccuracies in certain measurements, significant anomalies have been 
observed in the experimental performance data of turbine and compressor, such as 
unreasonably high compressor power and turbine efficiency at certain points. This 
problem can be avoided in the simulation.
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Due to the epicyclic connection, compressor power is largely fixed under a 
specific condition. Therefore it is the turbine performance which should be specially 
examined.
The predicted turbine efficiency is plotted in Fig-7.17. Generally, it 
deteriorates with decreasing output shaft speed, i.e. decreasing turbine speed due to 
the fixed ratio connection between the turbine and the output shaft. This is very 
clear in the region near the limiting torque curve. In the lower output shaft speed 
region, the turbine efficiency decreases with increasing output torque. Both these 
trends can be explained in terms of blade speed ratio. Fig-7.18 shows the bypass 
flow which is seen to increase rapidly with reducing output shaft speed, especially 
near the limiting torque curve. High bypass flow always has an adverse effect on 
overall system efficiency.
As mentioned earlier, lower transmission(gearbox) loss is assumed in the 
simultion procedure. This is shown in Fig-7.19, the effect of the output shaft speed 
is not as strong as expected from previous analysis.
Fig-7.20 compares the predicted engine torque and output shaft torque at four 
specially selected points(refer to Fig-7.7). Although certain improvements have 
been made over the experimental data, the predicted output torques are still very 
low. It can be seen that with a fixed ratio gear between the turbine and the output 
shaft, the DCE cannot take full advantage of the differential coupling of engine, 
compressor and turbine. Therefore a turbine CVT is required. To show this, a very 
preliminary calculation has been carried out for set 1 and 9(w ith highest load). The 
results are shown in Table-7.2a. Clearly, by adopting an appropriate turbine gear 
ratio, the system performance can be substantially enhanced. This is particularly 
demonstrated by the results for set 1, where by varying the turbine gear ratio from 
14.7 to 60, turbine efficiency is improved from 24.4% to 66%, turbine power from 
38.6kw to 104kw; also output torque from 1189Nm to 2020Nm and the overal 
efficiency from 17.4% to 29.5%.
7.3 Mimicking Experimental Performance 
(second simulation)
In this part of the investigation, particular attention has been given to the 
following aspects:
ajfThe pressure losses in the various sections of the pipe line were deduced
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from the experimental data and directly fed into the simulation program.
ijA m bient conditions, compressor inlet depression, turbine back pressure and 
pressure loss through the intercooler are also deduced from the experimental data 
and directly fed into the program.
c/The adopted data concerning the gearbox losses apply to the laboratory 





The aim is to mimick the experimental operation as closely as possible.
Again, the calculations were performed at the selected points. The results are 
shown in Table-7.3.
In Fig-7.21. the mimicked engine efficiency is compared with the experimental 
values. In most cases, the difference is under 1 percentage point, and the greatest 
discrepancy occurs at point 9(set 9), w ith 2.3 percentage points. These have been 
improved, to some extent, over the previous prediction, which is further highlighted 
in terms of maximum cylinder pressure, Fig-7.22. Further examination shows that 
the accuracy of exhaust temperature, air/fuel ratio etc., are all generally improved.
The overall system efficiency is shown in Fig-7.23. In most cases, the 
difference is under 1.5 percentage points, while at point 14 and 15 it is 2.4 and 4.3 
percentage points respectively. At point 15 this implies a difference of about lOkw 
in output power, which is quite significant compared w ith the engine power of 
72kw.
Further examination shows that the data at point 15 seems to be somewhat 
contradictory. On the one hand, the experimental efficiency fits the general trend in 
Fig-7.23. However, if this is accepted, the output power should be about 50kw and 
this leads to a gearbox loss of 1.94kw, which does not seem to be reasonable. As 
shown in Fig-7.24, which shows the distribution of gearbox loss, at point 15, the 
mimicked gearbox loss is l lk w  which fits the general trend. A value of 1.94kw can 
be a significant underestimate. Nevertheless, considering the results at other points 
the mimicked results are quite acceptable.
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Comparing Fig-7.24 with Fig-7.19, it can be seen that gearbox loss in the 
laboratory prototype is generally high, and that it increases more rapidly with 
output shaft speed and torque than the ’idealised’ values in Fig-7.19.
7.3.1 Compressor and Turbine Performance
Considering the general accuracy of the mimicked results, some confidence 
may be expressed in the mimicked compressor and turbine performance.
Fig-7.25 shows the comparison between the experimental and mimicked 
compressor pressure ratio. The two sets agree very well at lower load levels. 
However, as the operation moves towards the low output shaft speed/high torque 
corner, the difference is increasing. At point 11, the mimicked value is 0.637 lower, 
although the actual pipe loss has been fed into the program. However, calculation 
shows that the experimental compressor power is higher than the ideal value, which 
is obviously in error(see also chapter-6). From this standpoint, the accuracies of the 
mimicked value can be reconciled.
Fig-7.26 shows the experimental and mimicked compressor mass flowrate, 
good agreement is achieved(the experimental data adopted is derived from the 
compressor map).
Generally, the turbine pressure ratio does not agree as well as the compressor 
pressure ratio, Fig-7.27. At point 4 and 10, a difference of 0.4 is reached.
7.3.2 Effects of Pipe Losses
In the previous preliminery prediction, pipe losses are arbitrarily specified and 
no attention has been given to compressor inlet depression and the variation in 
turbine back pressure. This w ill certainly lead to differences in pressure ratio and 
therefore the performance of the compressor and turbine.
Although compressor power is largely fixed under a specific operating 
condition, due to the epicyclic gear connection, the variation in pressure ratio will 
induce changes in mass flow rate. In Fig-7.28, the preliminery prediction is 
compared w ith mimicked compressor mass flow. At low load level, the two agree 
relatively well, in spite of the different considerations mentioned above. In the high 
load/low speed corner, the two deviate significantly, the difference being 
approximately 6kg/min at point 1 and 3.5kg/min a t point 9. This w ill have a 
marked effect on the overall system performance.
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As can be seen in Tables-2 and 3, the assumed pressure losses for pipe a, b and 
d in the earlier prediction are generally too high, while for pipe c(bypass duct) the 
assumed value is sometimes higher and sometimes lower. Also the pressure loss 
through the intercooler calculated with the cooler subroutine is generally too low.
Unlike the compressor, turbine performance is dependent upon the gas flow 
state at the inlet. In Fig-7.29, the earlier predicted turbine power is compared with 
mimicked value. At point 12, turbine operation fails in the earlier run, which is a 
special case. For other points, a difference of up to 4kw is reached. It seems that at 
higher load, mimicked turbine power is lower and vice versa. Nevertheless, the 
difference in turbine power is not significant compared w ith the difference in 
gearbox loss.
7.4 Summary
The predicted performance has been assessed against experimental results, 
which show that if the true operating conditions of the system are properly taken 
into account, particularly the gearbox loss, reasonably accurate results can be 
predicted. Although the performance of the system in the form of the present 
prototype, can be further improved, to some extent, possibly by improving the 
gearbox design, limitations still exist. To take fu ll advantage of the DCE concept, a 
turbine CVT should be adopted.
- I l l -
<THE EXPERIMENTAL DATA
SET
ENGTNF___________• , 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 |
speed(rpa) 1457.0 | 15B5 | 1700. | 2107.0 I 2340.0 | 1200.0 | 2000 .0 | 1250.  |
boost  r a t i o 3.79 | 3 .50 | 1.98 | 2 . 67 I 1.98 | 1 .54 | 2 . 01 | 2 . 99  |
n a n i f o l t  T(K) 334.4 | 330. I 320. | 324.8 | 318.4 | 317.6 | 321 .0 1 323.  |
torque(Na) 1350.9 | 1245.38 I 675.4 | 980.64 I 720.98 | 400 .5 | 714.12 | 1025.85 |
power ( lew) 206.15 | 207.30 | 120.35 | 216.83 | 176.59 | 50 .33 | 149.47 | 134.17 |
beep(bar) 20.79 | 19.08 I 10.34 | 15.02 I 11.04 | 6 .13 | 10.94 1 15.71 |
th .  effy(%) 39.76 | 39.22 I 39.66 | 39.24 | 37.27 | 37.66 | 39.09 1 39.77  |
sax .  c l .  p(bar) 153.7 | 141.8 | 104.59 | 148.62 | 108. | 76.5 | 105.5 | 117 .56  |
exh.  T(K) 883 | 889. | 740. | 880. | 607. | 603.5 | 803. 1 791.  |
a i r  flow()eg/B) 24.37 | 22.31 | 13.12 | 21.35 | 17.99 | 7 .61 ! 15 .64 | 14 .65  |
a l r / f u e l  ra t i o 33.35 | 29.96 | 30.67 | 27.42 | 26.94 | 40.41 | 29 .03 | 30 .83  |
Inj tlm(BTDC deg) 9.96 | 10.87 | 17.35 | 20.39 I 15.43 | 11.51 i 15.59 | 8 .84 |
c h . c l r  Dp(abar)
rnMDDTXfcnD _ - •
274.59 | 283.92 I 203.28 | 367.91 | 346.58 | 84 .64 | 278 .59 | 159.29 |
LUnrKLDOUn--------- * *
speed( rap) 9502.0 | 5826.0 I 4279. | 5618.0 I 4321.0 | 2334. | 4043. 1 3954.  |
torque aap(Na) 161.54 | 146.36 | 75.6 | 110.32 I 80 .76 | 46 .45 | 78.83 | 113 .6  |
power( kw) 161.18 | 89.70 | 34.0 | 65 .37 I 36.82 | 11.32 | 33 .38 | 47 .16  |
l s en  e f f y  TS(*> 77.26 | 78.62 I 80.8 | 79.11 | 78.17 | 76.26 I 80 .58 | 74 .87 |
o v e r a l l  effy(%) 61.85 | 60 .24 I 64.57 | 66.52 | 64.76 | 54.98 | 65 .02 | 62 .84  |
mass o r i f ( k g / a ) 35.15 | 21.57 I 15.55 | 21.29 | 15.68 | 6 . 75 I 14.13 1 13.74 |
nass aap(kg/a> 36.74 | 22.31 I 16.92 | 22.57 I 17.44 | 8 .37 | 15.62 1 14.95 |
I n l e t  Dp(abarg) 107.17 I 40 .37 | 20.53 | 38.7 I 20.33 | 4 . 12 | 17.09 | 15 .47 |
pr 4.57 | 3 . 95 I 2.23 | 3 .17 | 2 . 39 | 1 .63 | 2 . 34 1 3 .20  |
In i .  T(K) 297. | 300.6 I 300. | 295. | 300. | 297. | 303. | 300.  |
out  T(K)
T T ronT w r________- _ _
505 | 283. I 396. | 440. | 394. | 355. | 405. 1 457.  |
lUnDinL” ----------------*■
speed( rpa) 10266.9 | 24933.9 | 32766. | 39600.9 | 49867.8 | 25227.2 | 41610.3 | 21598.82 |
torque(Na) 64.15 | 28.47 | 10.1 | 17.02 I 9.91 | 2 . 67 | 10.03 1 16 .5  |
I n l e t  tep(K) 583. | 857. | 675. | 850. | 589. I 586. | 798. | 766.  |
enthalpy(kw) 67.90 | 74.43 | 34.68 | 70.71 I 51.70 | 7.04 | 43 .69 1 37 .27 |
l s e n  e f f y (k ) 47.85 | 65 .0 I 90.85 | 77.02 | 92.64 | 65. | 96.22 I 63 .48  |
mass( kg/a) 38.61 | 24.15 | 18.03 | 24.33 | 18.88 | 8 . 99 | 16.87 | 16 .33  |
back p(abarg) 50.88 | 22.59 I 36.39 | 48.23 | 56.18 | 19.44 | 44.89 | 10 .31 |
prnr r p o i r r _________ -  _ . 3.30 | 3 .68 | 2.04 | 2 .85 I 2 .18 | 1.57 | 2 .17 1 3 .07  |UU1 r Ul -  -  —--------------* *:
speed( rpa) 700.0 | 1700.0 I 2234. | 2700.0 | 3400.0 | 1720 | 2837. | 1472.  |
torque(Na) 1021.73 | 808.69 | 403.23 | 612.27 | 400.54 | 200.4 | 404 .60 | 621 .54  |
power(kw) 73.73 I 144.13 I 94.35 | 173.35 I 142.41 | 36.12 | 120.08 | 95 .68  |
th effy(%) 14.22 | 27.27 | 31.1 | 31.37 I 30.06 | 27. | 31.40 | 28.36 |
byp f l ow(kg /a ) 12.37 1 o. | 3.8 | 1.21 | 0.54 | 0 .75 | - 0 . 0 1 i 0 . 3  ]
Gbox loss(kw) 39.13 | 47 .9 | 26.68 | 48.82 | 49.04 | 9 .99 | 39 .70 I 28 .59  |






boost  r a t i o  




th .  effy(%)  
max. c l .  p(bar)  
exh.  T(K) 
a i r  f l ow(kg/m) 
a l r / f u e l  r a t i o  
in  j tla(BTDC deg)  





l s e n  e f f y  TS<%) 
o v e r a l l  effy(%)  
aass  o r l f ( k g / a )  
■ass aap(kg /a)  
I n l e t  Dp(abarg)  
pr





I n l e t  tep(K)  
enthalpy(kw)  
l s e n  effy(%)  
a as s (k g /a )  
back P(abarg)  
pr
OUTPUT-.....................-
speed( rpa)  
torque(Na)  
power( kw)
th  effy(%)  
byp f l ow( kg / a )  
Gbox los s (kw)
1 9 1 10 1 11 1 12 | 13 1 14 1 15 1 16 |■IIIIStSKI ■•■■■■■aass •■•■■■■■■■ms ■■■■■«■■■«■■ ■■■■■■■■■■ ■■■■■■«■■■■ ■■■■■■■■■■■ ■■■■■■■■■■■a
| 1705.0 | 2435 .0 | 1456. | 1700. | 900.0 | 1200. | 1200.0 | 1200.  |
| 3 . 60 | 2 .358 | 3 . 70 1 1.49 | 1 .60 | 2 .57 | 1 . 78 | 2 .27  |
| 335. | 326. | 330. 1 319. | 319. | 320. | 318. 1 318.  |
| 1313.85 | 896 .63 | 1319.91 I 423.07 | 401.98 | 888.14 | 575.21 | 730.51 |
| 244.93 | 228.89 | 201.44 | 75.29 | 37.92 | 111.70 | 72.31 I 91 .94 |
| 20.13 | 13.73 | 20.22 | 6 . 48  | 6 .15 | 13 .6 | 8 .81 1 11.19 |
| 36 .65 | 36 .72 | 41 .09 1 37.77 | 37.97 | 40.67 | 39.64 | 41 .01  |
| 153.56 | 135 .25 | 149.73 | 80.89 | 79.23 | 138.19 | 94 .58 | 124.51 |
| 970 | 964. | 871. | 663.  | 571. | 720. | 667. | 686.  |
I 23 .96 | 21 .9 | 26.25 | 9 .96 | 5 . 27 | 12.08 | 9 .52 | 10.27 |
| 25.44 | 24.93 | 37.99 1 35.45 | 37.51 I 31.21 | 37.05 | 32 .52 |
| 20.72 | 19.74 | 8.74 | 14.78 | 11.35 | 15.13 | 12.53 | 18 .02 |
| 351.91 | 438.55 | 285.26 | 153.29 | 49.32 | 137.29 | 102.64 | 125.3 |
| 8642. | 5165. | 7085. | 2908. | 2056. | 7300. I 4857. | 3069.  |
| 155.92 | 100.59 | 155.4 | 50.03 | 46.04 | 101.61 | 66 .09 I 81.31 |
| 141.24 | 54.9 | 115.44 | 15.26 | 9.97 | 78 .08 | 33 .69 | 26.69 |
| 80.24 | 78.53 | 79.25 | 76.84 | 76.65 | 82.06 | 78.5 | 80 .82  |
| 63.67 | 65 .7 | 62.56 | 56.08 | 54.38 | 67 .26 I 61.51 | 62 .73  |
I 33.24 | 20 .00 | 27.24 1 9 .45  | 5.45 | 28 .45 | 18.94 1 9 .77  |
| 34.42 | 20.58 | 27.98 1 H . l  1 7.01 | 29.35 | 19.92 1 11.55 |
| 97.73 | 32.07 | 63.94 1 7 .36 | 2.84 | 70 .67 I 30.74 | 8 .05  |
| 4 . 37 | 2.91 | 4 .26 I 1.66 | 1 .65 | 2 . 92 I 1.94 1 2 .42 |
| 298. | 295. | 301. 1 297.  | 299. | 298. | 297. 1 301.  |
I 490. | 427. | 290. 1 357.  | 359. I 328. | 376. | 408.  |
| 21633.8 | 49999.8 | 17600.4 | 36990.17 | 18025.74 | 10002.89 | 17527.1 | 22997.85 |
I 38.57 | 14.57 | 31.75 1 5 .23  | 6 .42 | 33.74 | 15.67 j 9 . 22 |
| 847. | 943. | 783. 1 601.  | 554. | 559. | 525. 1 673.  |
| 86.93 | 76.06 | 58.46 | 20.26 | 12.1 | 35 .02 | 28.69 | 22.07 |
| 54.49 | 87.19 | 48.17 | 127.99 | 130.99 | 65 .58 | 142.41 | 72 .65 |
| 36 .55 | 22.46 | 29.81 I 11.88 | 7 .56 | 30 .48 | 20.67 1 12.5  |
J 47.44 | 62.68 | 29.27 1 41 .35 | 11.34 | 30.45 | 13 .45 | 23 .86  |
| 2 .71 | 2 .60 | 3 .59 | 1 . 56 | 1.62 | 2 . 05 | 1 . 50 | 2 . 30  |
| 1475. | 3409. | 1200. | 2522.  | 1229. | 682. | 1195. | 1568.  |
| 996.85 | 533 .95 | 901.3 | 200.98 | 200.99 | 704.07 | 400.84 | 403.59 |
| 153.19 | 189.99 | 113.15 | 53.02 | 25.79 | 49 .82 I 50.02 | 65 .8  |
| 22.92 | 30.48 | 23.08 | 26.6  | 25.83 | 18.14 | 27 .42 | 29 .35  |
| 10.5 | - 1 . 3 2 | 1.73 1 1-41 | 1.74 | 17.27 | 10.4 | 1 .28 .|
| 37.43 | 60 .06 | 31.3 | 26 .6  | 14.25 | 18.82 | 17.28 | 21.51 |
Tab le -7 .1 (c ont in ued)
The r e s u l t s  from th e  f i r s t  s i m u l a t i o n
LCYLAbP 500 DCL 32 34 31 24
number of  c y l i n d e r s  
c o n - r o d  l e n gt h ( m.m.)
6 . 0  
2 1 8 . 4 5
ambient  t emp er at ur e  ( deg k ) 2 0 1 . 4
c o m p r es s i on  r a t i o
e n g i n e  sp ee r i ( r .p .m )  
b o os t  p r e s s u r e  r a t i o  
d e l i v e r e d  a i r  to  f ue l  r a t i o  
d e l i v e r y  rat  i o 
m an i f o l d  temp ( deg k)
e n g i n e  power C k w. )
e n g i n e  t or que  ( n.m.  ) )  
b . m . e . p  ( bar )
s . f . c .  ( kg/kw hr )
b . t h e r m a l  e f f .  
f ue l  /  rev ( kg .  )
max c y l  p r e s s u r e  ( bar . )  
e xhaus t  t e mp e r a t u r e ( d e g  k ) 
mass f lo w ( kg /mi n)  
p e r c e n t a g e  heat  t o  c o o l a n t
compr ess or  s pe ed  ( r . p . m . )  
compr ess or  p r e s s u r e  r a t i o  
mass f lo w ( kg /mi n)  
compr ess or  power ( kw. ) 
compr ess or  t o r c u e  ( n . u )  
d e l i v e r y  t e mp er at ur e  (deg k) 
compr ess or  e f f i c i e n c y
t u r b i n e  spee d ( r . p . m )  
t u r b i n e  p r e s s u r e  r a t i o  
mass f l ow (kg/ mi n)  
t u r b i n e  power (kw) 
t u r b i n e  t o rque  (n.m)  
i n l e t  t emp er at ur e  (deg  k) 
t u r b i n e  n o z z l e  a n g l e  
t u r b i n e  e f f i c i e n c y  
o u t | u t  s h a f t  spee d (rpm) 
out put  s h a f t  power (kw) 
out put  s h a f t  t c r q ue  (n./m) 
out put  s h a f t  s f c  ( kg / k w . h r )  
out put  thermal  e f f i c i e n c y  
e n g i n e  f ue l  f l ew ( k j / n i n )  
dynamic i n j e c t < o n ( d e g r e e  ca)  
d u r a t i o n  o f  i n j e c t i o n  
t u r b i n e  g e ar  r a t i o  
p r e s s u r e  l o s s  in p i p e  a (bar )
p r e s s u r e  l o s s  in p i p e  b ( ba r)
p r e s s u r e  l o s s  in p i p e  c ( t a r )
p r e s s u r e  l o s s  in p i p e  d ( l a r )
t o t a l  g e ar  box l o s s  (kw) 
out put  s h a f t  gear  l o s s  (kw) 
comj r c s s o r  gear  l o s s  (kw) 
t u r b i n e  g ear  l e s s  (kw)
12 . 80
1 4 57 . 00  
3 . 8 1 6
3 0 . 7 6 3
0 . 05 4
3 1 4 . 6 1 6
2 0 6 . 0 5
1350 .02
2 0 . 6 5 4 4
0 . 2 03
0 . 4 11 0
4 . 7 8 4
1 20 . 12
8 5 8 . 0 0
2 1 . 4 4 1
12 . 57
0 5 06 . 1  
4 . 0 0 4
42 . 27 1
1 47 . 82
1 48 . 43
5 0 2 . 3 1
0 . 6 8 5
bore ( m.m.) 118.11
i n l e t  v a l v e  c l o s i n g  ( degs  ) 2 3 0 . 0
ambient p r e s s u r e  ( bar ) 0 . 0 0
e n g i ne  diagram f a c t o r  0 .0 87 5
s t r o k e  ( m.m.)
compr ess or  s c a l e  f a c t o r  
c o o l e r  e f f e c t i v e n e s s  





































































































































































































1 . 0 0
0 . 8 8 35
















5 8 3 7 . 4
3 . 6 60
2 4 . 41 7





2 . 1 5 0  
17 . 81 0  
3 3 . 0 0  
. 7 3 . 4 3  
405 .  10 
0. 651
5 6 4 7 . 7
3 . 1 7 7
2 3 . 04 0
6 3 . 4 5
107 .2 3
4 52 . 40
0 . 72 8
4 3 4 5 . 0
2 . 3 11
18 .0 70
3 5 . 8 4
7 8 . 7 2
4 2 4 . 68
0 . 6 7 2
2 3 4 1 . 0
1 . 50 5
8 . 781
1 0 . 54
4 2 . 0 8
3 6 6 . 3 7
0 .5 87
4 0 4 5 . 5
2 . 2 0 6
1 6. 5 05
3 3 . 0 0
7 8 . 0 8
4 1 3 . 6 2
0 . 6 6 3
3 0 7 3 . 5
3 . 2 4 3
1 5. 667
4 6 . 7 7
112 .3 4
4 7 2 . 2 3
0 . 6 60
3 . 0 0 0 3 . 556 2 . 0 4 5 3 . 0 72 2 . 311 1 .401 2 . 1 0 2 3 . 1 3 9
4 2 . 0 73 25 . 14 1 1 9. 252 2 4 . 6 0  4 1 8. 746 8 . 0 7 2 17 .1 36 1 6 . 11 6
3 8 . 5 8 5 4 . 3 5 2 5 . 6 6 6 8 . 07 3 6 . 8 0 3. 81 3 0 . 8 0 2 8 . 7 5
3 5 . 8 6 2 0 .8 0 7 . 4 7 16.41 7 . 0 6 1.44 7 . 0 6 12.71
6 0 3 . 7 3 8 4 7 . 2 6 7 0 9 . 8 8 8 4 3 . 4 5 8 0 1 . 2 6 5 0 7 . 0 3 8 1 8 . 5 4 7 6 0 . 0 5
8 . 041 6 . 3 0 4 9 . 1 1 2 7 . 3 30 8 . 5 2 4 8 . 1 6 4 7 . 6 8 4 4. 421
0 . 2 4 4 9 . 51 0 9 . 7 4 2 0 . 7 36 0 . 6 7 7 0 . 61 5 0 . 7 2 6 0 . 5 20
7 0 0 . 0 0 1700 . 00 2 2 3 1 . 00 2 7 0 0 . 0 0 3 40 0 .0 0 1 720 . 00 2 8 3 7 . 0 0 14 72 .00
8 7 . 2 3 1 65 . 46 103 . 45 2 0 5 . 5 0 1 61 .06 3 8 . 4 4 1 3 5 . 8 2 1 07 .9 7
1 1 8 0 . oe 0 2 0 . 04 4 4 2 . 0 0 7 2 6 . 5 2 4 6 0 . 5 0 2 13 .31 4 5 6 . 9 8 7 00 .  13
0 . 4 7 0 0 . 2 62 9 . 2 4 9 0 . 219 0 . 2 4 2 0 . 2 03 0 . 2 3 7 0 . 2 4 9
0 . 1 74 0 0 . 3 1 85 9 .3 364 0 . 3 9 05 0 . 3 4 4 5 0 . 2 8 45 0 . 3 5 1 9 0 . 3 3 5 2
0 . 60 7 0 . 7 2 2 9 . 4 2 7 0. 751 0 . 6 6 2 0 . 1 88 0 . 5 3 7 0 . 4 4 8
3 5 2 . 0 352 . 4 3 3 8 . 0 3 4 3 .6 3 3 7 . 0 3 4 0 . 3 3 3 8 . 0 3 5 1 . 5
2 5 . 0 2 6 . 5 17 . 2 2 5 . 7 2 4 . 3 10 . 0 2 0 . 2 18 . 3
14 . 7 14.7 14 . 7 1«. 7 14 . 7 14.7 14 . 7 14.7
9 .  10345 0 . 1 03 15 4.  10345 0 . 1034 5 0 . 1 03 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  14345
0 . 1 0 3 4 5 0.103-15 0.  10345 0 . 1 034 5 0 . 1 03 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
0 . 1 0 3 4 5 9 . 1 0 39 5 0 . 1 03 4 5 0.  10345 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
4 . 10 3 4 5 0 . 1 0  345 0.  10 345 0 . 1 034 5 0 . 1 03 4 5 0 .  10345 0 .  10345 0 .  10345 '
"•.581 12. 02? ' MSO 14. 846 13. 564 4 . 7 7 8 10 . 057 7 . 9 0 6
1 . 6 06 3 . 702 3.40.4 5 . 0 5 8 5 . 3 6 4 2 . 0 8 6 4 . 4 5 3 2 . 8 3 3
1.546 2 . 6 4 0 1 .364 2 . 2 0 5 1 . 42 0 0 . 5 0 2 1 . 32 3 1 .594
3 . 5 8 8 5 .Onp 9 . 7 2 5 8 . 2 6 8 7 . 041 2 . 5 3 8 5 . 8 7 7 3. 931
T a . b l e - 7 . 2
LCYLAUP 500 PCC 37 32 33 21
number of  c y l i n d e r s  6 . 0
c o n - r o d  l e n g t h  ( m.m.) 2 1 8 . 0 5
ambient  t e mp er at ur e  ( deg k ) 2 0 0 . 0  
c o mp r e s s i o n  r a t i o
e n g i n e  s p e e d ( r . p . m )  
b oo s t  p r e s s u r e  r a t i o  
d e l i v e r e d  a i r  to  f ue l  r a t i o  
d e l i v e r y  r a t i o  
m a ni f o l d  temp ( deg k)
e n g i n e  power ( k w. )
e n g i n e  t o rque  ( n.m.  ) )  
b . m . e . p  ( bar )
s . f . C .  ( kg/kw hr )
b . t h e r m a l  e f f .  
f u e l  /  rev { kg.  )
max c y l  p r e s s u r e  ( bar . )  
e xhaus t  t emperatureCdog k ) 
mass f low ( kg/ mi n)  
p e r c e n t a g e  heat  t o  c o o l a n t
compr ess or  sp ee d ( r . p . m . )  
c ompr ess or  p r e s s u r e  r a t i o  
mass f low ( kg / mi n)  
compr ess or  power ( kw. ) 
c ompress or  t o r c u e  ( n . n )  
d e l i v e r y  t emp e ra t ur e  (deg k) 
compr ess or  e f f i c i e n c y
t u r b i n e  sp ee d ( r . p . m )  
t u r b i n e  p r e s s u r e  r a t i o  
mass f low ( kg / f f in )  
t u r b i n e  power (kw) 
t u r b i n e  t or que  (n.m)  
i n l e t  t e mp er at ur e  (deg k) 
t u r b i n e  n o z z l e  a ng l e  
t u r b i n e  e f f i c i e n c y  
out put  s h a f t  spee d (rpm) 
out put  s h a f t  power (kw) 
o ut put  s h a f t  t c r q ue  ( n . / m)  
out put  s h a f t  s f c  ( k j / k w . h r ) 
out put  thermal  e f f i c i e n c y  
e n g i n e  f u e l  f low ( kg /mi n)  
dynamic i n j c C t i o n ( d e g r e e  ca)  
d u r a t i o n  o f  i n j e c t i o n  
t u r b i n e  ge ar  r a t i o  
p r e s s u r e  l o s s  in p i p e  a ( bar )
p r e s s u r e  l o s s  in p i p e  b (bar)
p r e s s u r e  l o s s  in p i p e  c (bar)
p r e s s u r e  l o s s  in p i p e  d ( bar )
t o t a l  g ea r  box l o s s  (kw) 
out put  s h a f t  gear  l o s s  (kw) 
c ompress or  g ear  l o s s  (kw) 
t u r b i n e  g e ar  l e s s  (kw)
12 . 80
17 85 . 00
3 . 6 7 9
2 9 . 2 2 6
0 . 8 5 3
3 2 1 . 3 7 9
2 4 5 . 0 3  
1313 . 91
2 0 . 0 8 1 4
0 . 2 0 8
0 . 4 0 1 8
4 . 7 5 6
130 .04  
9 0 5 . 9 0
2 4 . 8 1 3
1 1 .6 3
8 6 8 3 . 2
3 . 8 9 5
3 8 . 2 7 9
13 1. 28
144 .32
4 9 8 . 37
0 . 6 8 2
2 1 6 3 0 . 3  
3. 79 1  
3 9 . 1 3 3  
7 1 . 9 2  
3 1 . 7 2  
7 7 4 . 2 3  
8 . 0 8 4  
0 . 4 5 5  
14 7 5 . 0 0  
1 72 .0 3  
1113 . 24
bore  ( m.m.) 118.11
i n l e t  v a l v e  c l o s i n g  ( degs ) 2 3 0 .0
ambient  p r e s s u r e  ( bar ) 0 . 9 9
e n g i n e  diagram f a c t o r  0 . 9 9 00
S tr o ke  ( m . m . )
c ompress or  s c a l e  f a c t o r  
c o o l e r  e f f e c t i v e n e s s  












































































. 0 0  
. 399  
. 232  
. 852  
. 386 
. 70  
. 0 1  
. 4173  
. 236  
. 3541  
. 725  
. 43  
. 16  
.745  
. 50
5 1 6 8 . 0
2 . 7 9 5  
2 1 . 7 5 ?  
5 3 . 1 1  
9 8 . 0 9
4 6 7 . 0 8
0 . 6 9 0
5 0 0 1 0 . 0
2 . 7 9 5  
2 2 .6 1 *> 
65 . 91  
12 . 58
9 5 7 . 2 4
7 . 9 9 0
0 . 7 46
3 4 09 . 0 0  
2 2 4 . 8 2  
629 .51
7 0 9 7 . 8
3 . 8 53
3 0 . 4 74
107.81
144 .98
5 0 4 . 7 0
0 . 6 55
1 76 04 . 0  
3 . 7 4 9  
3 1 . 15 0  
4 7 . 0 8  
2 5 . 5 3  
7 4 8 . 6 3  
7 . 0 2 2  
0 . 390  
1 2 0 0 . 0 0  
1 2 ° . 7 1 











0 . 0 0
0 . 0 0
6 8 0 . 5 2
2 0 . 0 0 0
0 . 000
2 5 2 2 . 00
5 4 . 2 8
2 0 5 . 4 5
9 0 0 . 0 0  
1 . 49 9  
4 0 . 3 7 4  
0 . 354  
2 89 . 2 0 0  
3 7 . 83  
4 0 1 . 9 9  
6 . 1 3 8 6  
0 . 2 2 2  
0 . 3 7 53  
1 . 55 7  
7 4 . 29  
6 0 1 . 40  
5 . 6 5 7  
2 6 . 5 0
2049 . 1
1 . 63 6
7 . 2 58
9 . 2 5
43 . 11
3 70 .81
0 . 5 8 5
1 80 29 . 4
1 . 532
7 . 39 8
3 . 8 5
2 . 0 4
5 5 3 . 5 8
4 . 8 37
0 . 7 2 3
12 29 . 00
2 8 . 5 9
2 2 2 . 0 8











































































124 .97  
1 . 0 0  
0 . 894 8  
















73 23 .1  
2 . 6 7 9  
3 2 . 4 8 8  
7 4 . 4 5  
9 7 . 0 5  
4 3 1 . 2 8  
0 . 7 0 0
1 0 00 4 .9
2 . 5 7 5
3 2 . 8 7 9
2 3 . 0 4
2 1 . 9 8
5 7 3 . 6 9
9 . 6 8 6
0 . 331
6 8 2 . 0 0
5 3 . 8 3
7 5 3 . 3 7
4 8 6 1 . 3  
1 . 859  
2 0 . 9 2 6  
3 1 . 7 6  
6 2 . 3 6  
3 8 5 . 2 8  
0 . 6 3 0
17 530 .6  
1 . 755  
2 1 . 1 8 8  
14 . 80  
8 . 0 6  
5 2 5 . 5 7  
9 . 8 2 7  
0 . 6 7 3  
11 95 .00  
4 9 . 6 6  
3 9 6 . 6 4
3071 .3  
2 . 3 5 4  
11 .802  
2 5 . 5 6  
7 9 . 4 5  
4 2 3 . 8 3  
0. 631
2 3 0 0 2 . 6  
2 . 2 5 0  
12.1 14 
16. 71  
6 . 9 4  
6 9 5 . 3 6  
4. 56 1  
0 . 6 3 4  
1 5 68 .00  
76 . 21  
4 6 3 . 9 6
0 . 2 9 6 0 . 23 0 4 . 3 1 2 0. 32 4 0 . 2 94 0. 431 0 . 3 0 9 0 . 2 4 6
9 . 2 8 1 7 0. 3631 9 . 2677 0 .2 573 9 .2 83 7 0 . 1 9 3 6 0 . 2 6 9 8 0 . 3 3 9 7
0 . 8 4 9 0.861 0 . 6 74 0 . 293 0 . 1 4 0 0 . 3 8 6 0 . 2 5 6 0 . 3 1 23 4 9 . 3 3 4 3 . 9 3 4 ° .  6 3 3 1 . 5 344 . 1 3 5 2 . 8 3 4 1 .4 3 4 6 . 9
30.1 3 0 . 3 25 . 1 13.0 8 . 7 16 . 4 1 2 .2 14 . 0
14 . 7 14 . 7 14.7 14.7 1 •». 7 14 . 7 14 .7 14 . 7
0 . 1 0 3 4 5 0 . 10 3 45 0 .1 0 34 5 0 . 10 345 0 . 1 03 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 .  10345
0 . 1 0 3 4 5 0 . 10 3 45 4 . 1 0 3 4 5 0 . 103 45 0 . 10 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 0 3 4 5
0 . 1 0 3 45 0 . 1 0 3 45 0 . 10 34 5 0 . 10 345 0.  10345 0 . 1 0 3 4 5 0 . 1 0 34 5 0.  10345
0 . 1 03 4 5 0 . 10 3 45 0 .1 0 34 5 0 . 10 345 0 . 1 0 3 4 5 0 . 1 0 3 4 5 0 . 1 03 4 5 0 .  1 0345
14 . 036 16 . 436 1 0 . 789 6 . 5 67 3 . 8 2 6 6 . 2 8 9 5 . 2 2 6 6 . 4 8 5
3 . 3 2 3 6 . 0 5 9 2 . 7 11 3 . 1 23 1 . 49 2 1 . 2 0 6 1. 68 7 2 . 49 1
4 . 0 7 6 1. 914 3 . 3 4 2 0 . 750 0 . 5 13 2 . 6 9 8 1 .43 0 1 . 017
6 . ° 1  3 9 . 0 5 6 4 . 8 3 5 3 . 335 1 . 84  1 2 . 991 2 . 6 0 2 3 . 2 2 7
T a b l e - 7 . 2 ( c o nt in u ed )
Table-7.2a The predicted results  with CVT
for sets  1 and 9
set-1 set-9
engine speed (rpm) 1457.0 1785.0
boost pressure r a t io 3.816 3.679
delivered A/F r a t io 30.763 29.226
de livery  r a t io 0.854 0.853
manifold temp (deg K) 314.6 321.4
engine power (kw) 206.05 245.43
engine torque (Nm) 1350.92 1313.91
BMEP (bar) 20.6544 20.0814
s . f . c .  (kg/kw hr) 0.203 0.208
b.thermal e f f . 0.4110 0.4019
fu e l /re v  (g) 4.784 4.756
max cyl pressure (bar) 129.12 130.03
exhaust temp (deg K) 859. 906.
mass flow (kg/min) 21.441 24.813
heat to  coolant (%) 12.57 11.63
dynamic in j .  (deg ca) 352. 349.
dura tion  of i n j .  (deg) 25.9 30.1
compressor speed (rpm) 9506.1 8683.2
pressure  r a t io 4.004 3.895
mass flow (kg/min) 42.271 38.279
compressor power (kw) 147.82 131.28
compressor torque (Nm) 148.43 144.32
d e livery  temp (deg K) 502.31 498.37
compressor e ffic iency 0.685 0.682
turb ine  speed (rpm) 42000. 44250.
pressure  r a t io 3.900 3.791
mass flow kg/min) 42.974 39.134
turb ine  power (kw) 103.97 105.92
turb ine  torque (Nm) 23.63 22.85
in l e t  temp (deg K) 693.7 774.2
nozzle angle (deg) 8.941 8.884
turb ine  e ff ic iency 0.658 0.670




0/S s . f . c .  (kg/kw hr) 











0/S gear lo ss  (kw) 
comp, gear lo ss  (kw) 
turb ine gear lo ss  (kw) 









The results from the second simulation
ILYLAI.D 500 PCF. 33 27 35 24
ftumber of c y l i n d e r * 6 . 0 bore ( m.m.) 118 .11 s t r o k e ( m. m.) 124 .97
c o n - r o d  l e n g t h  ( m.m.) 2 1 8 . 4 5 i n l e t  v a l ve c l o s i n g  ( clegs ) 230 . 0  c ompr ess or  s c a l e  f a c t o r 1.00
ambient  temi e r t t u r e  ( <k*g k ) 3 0 0 . 2 ambient  p r e s s u r e  ( bar ) 0 . 9 7  c o o l e r  e f f e c t i v e n e s s 0 .8 86 3
c u n p r e i t l o n  r a t i o 12 .8 0 e n g i n e  diagram f a c t o r 0 . 975 0 t u r b i n e  f low l o s s  f a c t o r 0 .8 0 00
ENGINE SrEED(r.p.m) 14 57 . 00 15 85 . 00 1700 . 00 2 1 0 7 . 0 0 2 3 4 0 . 0 0 1 20 0 . 00 2 0 06 . 0 0 1250 . 00
b oo s t  p r e s s u r e  r a t i o 3 . 7 4 4 3 . 39 6 2 . 0 0 7 2 . 8 1 2 1 .9 90 1 . 542 2 . 0 3 9 3 . 110
d e l i v e r e d  a i r  to  f ue l  r a t i o 2 6 . 4 2 4 26 . 2S9 30 . 59 9 2 7 . 2 6 4 2 6 . 1 9 3 4 2 . 3 8 7 2 8 . 0 6 9 3 2 . 8 1 2
d e l i v e r y  r a t i o 0 . 0 6 0 0 . 850 0 . 850 0 . 8 4 8 0 . 8 4 7 0 . 8 5 2 0 . 8 48 0 . 8 52
m a n i f o l d  temp ( deg k) 3 10 . 911 3 1 8 . 969 3 03 . 35 7 3 17 . 174 3 0 8 . 7 3 3 2 9 1 . 8 8 0 3 0 8 . 4 7 9 3 06 . 73 7
e n g i n e  power ( k w. ) 2 0 5 . 9 5 2 0 6 . 2 5 1 20 . 09 2 1 5 . 9 2 176 . 27 5 0 . 2 5 149 . 24 134 . 20
e n g i n e  t or que  ( n.m.  ) ) 1350.91 1 2 45 . 38 675 . 41 9 8 0 . 6 5 7 2 0 . 9 8 4 0 0 . 7 3 7 1 4 . 1 2 10 25 . 85
b . m . e . p  ( bar ) 2 0 . 6 4 4 4 19 . 0050 10 . 3170 1 4 . 9 66 8 1 1. 001 9 6 . 1 1 5 6 10. 8981 1 5 . 6 80 5
s . f . c .  C kg/kw hr ) 0 . 2 0 3 0 . 2 13 0 . 2 1 7 0 . 2 18 0 . 2 2 5 0 . 2 1 5 0 . 2 2 2 0 . 2 0 5
b . t h e rm a l  e f f . 0 . 4 1 1 6 0 . 3921 0 .3 8 52 0 . 3 8 2 5 0 . 3 7 0 6 0 . 3 8 8 3 0 . 3 7 5 2 0 .407 1
f u e l  /  rev ( kg.  ) 4 . 7 7 4 4 . 6 14 2 . 5 4 9 3 . 7 24 2 . 8 2 6 1 . 49 9 2 . 7 6 5 3 . 66 6
max c y l  p r e s s u r e  ( bar . ) 15 3 . 9 9 141 . 79 1 05 . 22 148 . 76 10 8 . 6 3 7 7 . 2 0 1 06 .24 11 7. 86
e xhaus t  t e m p e r a t u r e ( d e g  k ) 9 0 5 . 1 3 9 4 1 . 4 5 8 1 4 . 1 7 9 3 5 . 1 7 9 4 7 . 2 7 6 1 2 . 3 4 8 9 1 . 8 3 7 8 1 . 96
mass f l ow ( kg /mi n) 18 . 38 0 1 9 . 20 3 1 3 . 26 2 2 1 . 3 9 4 1 7 . 3 20 7 . 6 2 5 15 . 52 0 15 . 054
p e r c e n t a g e  heat  t o  c o o l a n t 1 4 . 92 1 4 . 53 17 . 73 13 . 59 15 . 24 2 3 . 9 5 1 6 . 27 16 . 53
COMPRESSOR SPECDCr.p.m.) 9 50 6 . 1 5 8 3 7 . 4 4 2 9 0 . 2 5 6 4 7 . 7 4 3 4 5 . 9 2 3 4 1 . 9 4 0 4 5 . 5 3 97 3 . 5
compr ess or  p r e s s u r e  r a t i o 4 . 0 6 0 3 . 6 9 9 2 . 2 1 7 3 . 2 1 3 2 . 3 5 1 1 . 62 8 2 . 3 3 6 3 . 2 7 2
mass f low ( kg / mi n) 3 6 . 6 5 3 22 . 511 17 . 012 2 2 . 5 8 4 1 7 . 46 9 8 . 5 9 8 15 . 69 0 I S . 038
compr ess or  power ( kw. ) 1 50 . 54 8 5 . 21 3 3 . 9 9 6 4 . 7 5 3 6 . 4 8 1 0 . 95 3 3 . 6 8 4 7 . 7 3
c ompr ess or  t or que  (n.m) 1 5 1 . 1 6 1 39 . 33 7 5 . 6 3 109 .43 8 0 . 1 2 4 4 . 6 3 7 9 . 4 6 114 .67
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i n l e t  p r e s s u r e  (bar) 0 . 8 7 1 0 0 . 936 6 0 . 9 68 3 0 . 94 1 4 0 . 9 4 5 9 0 . 9 8 5 5 0 . 9 6 5 2 0 . 9 7 3 8
i n l e t  t e mp er at ur e  (deg  k) 2 9 7 . 5 5 0 3 00 . 75 0 3 00 . 550 2 95 . 4 5 0 2 8 9 . 9 5 0 2 9 6 . 9 5 0 3 02 . 5 5 0 3 00 . 15 0
byp ass  a i r  f low ( kg /mi n) 1 8 . 2 7 2 6 3 . 3 07 9 3. 7501 1 . 190 7 0 . 1 4 9 6 0 .9 731 0 . 1 7 00 - 0 . 0 1 6 3
TURBINE SrCED(r.p.m) 1 02 69 . 0 2 4 9 J 9 . 0 3 2 77 2 . 8 3 9 60 9 . 0 4 9 3 78 . 0 2 5 2 3 2 . 4 4 1 6 1 8 . 8 2 1 5 9 4 . 2
t u r b i n e  p r e s s u r e  r a t i o 3 . 3 5 9 3 . 7 4 2 2 . 1 8 6 3 . 2 2 3 2 . 3 8 2 1 . 62 8 2 . 3 6 7 3 . 271mass f low ( kg / mi n) 3 7 . 3 5 4 2 3 . 2 44 17 . 440 23 . 371 1 8 . 1 39 8 . 7 7 8 1 6 . 24 5 15 . 49 7t u r b i n e  power (kw) 3 3 . 5 0 5 1 . 7 3 2 9 . 34 6 9 . 3 4 4 0 . 21 7 . 71 3 6 . 5 5 2 8 . 4 8
t u r b i n e  t or que  (n.m) 3 1 . 2 2 19. 80 0 . 5 5 16.71 7 . 6 9 2 . 9 2 8 . 3 8 1 2. 59
i n l e t  t e mp er at ur e  (deg k) 7 3 5 . 5 8 8 0 7 . 1 9 7 3 5 . 23 9 1 3 . 5 5 9 4 3 . 3 4 5 8 7 . 1 0 8 8 7 . 4 7 7 8 1 . 9 6
t u r b i n e  n o z z l e  a n g l e 1 0 . 3 15 5 . 8 4 4 6 . 7 1 4 6 . 9 1 9 7 . 8 7 2 4 . 371 6 . 4 0 9 4 . 0 0 5
t u r b i n e  e f f i c i e n c y 0 . 2 04 0. 491 0 . 7 33 0 . 7 24 0 . 7 0 2 0 . 7 3 7 0 . 7 4 6 0 . 4 94
back p r e s s u r e  (bar) 1 . 0 28 3 0 .9 9 96 1. 0252 1 . 0 23 3 1 .0224 1 .0 094 1 . 0 27 2 0 . 9 9 9 6
OUTPUT SNATT SrrCP(rpm) 7 0 0 . 0 0 1700 . 00 2 2 34 . 00 2 7 0 0 . 0 0 3 4 00 . 00 1 7 20 . 00 2 8 3 7 . 0 0 14 72 . 00
output  s h a f t  power (kw) 6 9 . 3 9 140 . 63 9 2 . 3 7 176 . 87 146 .24 3 6 . 4 8 122 .80 9 4 . 3 4
out put  s h a f t  t or que  ( n . /m ) ° 4 6 . 20 7 8 9 . 6 5 3 9 4 . 6 5 6 2 5 . 3 0 4 1 0 . 5 6 2 0 2 . 4 5 4 1 3 . 1 8 6 1 1 . 7 8
out put  s h a f t  s f c  ( k g / k w . h r ) 0 . 60 1 0 . 3 12 0 . 2 3 2 0 . 2 6 6 0 . 2 71 0 . 2 9 6 0 . 2 7 0 0 . 291
output  thermal  e f f i c i e n c y 0 . 13C7 0 . 2 6 7 3 0 . 29 6 2 0 . 3 1 3 3 0 . 3 0 74 0 . 2 8 1 9 0 . 3 0 8 7 0 . 2 8 6 2EMCINC rUEL FLOW( kg/m i n ) 0 . 6 9 6 0.731 0 . 43 3 0 . 7 8 5 0. 66 1 0 .  180 0 . 5 5 3 0 . 4 58
dynamic i n j e c t i o n ( d c g r c e  ca) 3 4 7 . 9 349.1 3 47 .7 3 4 1 . 6 3 4 3 . 3 3 5 0 . 9 3 4 6 . 6 3 5 4 . 2d u r a t i o n  o f  i n j e c t i o n 2 5 . 8 2 6 . 8 17 . 3 2 6 . 6 2 4 . 2 9 . 8 2 0 . 6 18.7
t u r b i n e  ge ar  r a t i o 14 . 7 14 . 7 14.7 14 . 7 1 4 .7 14 . 7 14 . 7 14.7
p r e s s u r e  l o s s  in p i p e  a (t.ar) 0. 0011C 0. 00044 0 . 00 033 0 . 00 0 45 0 . 0 0 0 3 3 0 . 0 0 0 1 0 0 .0 0 0 2 7 0 . 0 00 2 0
p r e s s u r e  l o s s  in p i p e  b (bar) 0 .0 7 0 0 0 0 . 06000 0 . 04001 0 . 0 6 0 00 0 . 06 001 0 . 0 2 3 7 9 0. 05001 0. 05001p r e s s u r e  l o s s  in p i p e  c (bar) 0 .6 8 0 0 0 0 . 02000 0 . 07 002 0 .0 5 00 0 0 .03001 0 . 0 2 3 7 9 0. 02001 0 . 05001p r e s s u r e  l o s s  in p i p e  J (bar) 0 .0 0 31 9 0 . 0 0 1 1« 0 .0 0 00 3 0 . 0 0  142 0 . 0 0 1 10 0 . 0 0 0 2 5 0 .0 0 0 8 9 0 . 00051p r e s s u r e  l o s s  in c o o l e r  (bar)  
t o t a l  g ea r  box l o s s  (kw)
0 . 2 7 5 0 . 20 4 0 . 2 03 0 . 3 77 0. 34 1 0 . 0 8 5 0 . 287 0 . 157
1 9. 59 ' ’ 32 . 141 2 3 . 0 7 3 4 3 . 6 3 ? 3 3 . 7 5 6 1 0 . 5 2 5 2 9 . 3 0 7 2 0 . 6 0 9
o ut put  s h a f t  gear  l o s s  (kw) 3 . 7 1 9 8. 521 7 . 5 7 2 11 . 49 8 1 1 . 9 65 4 . 4 8 5 9 . 9 2 9 6 . 4 5 8
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From the previous investigations, the following conclusions can be drawn:
1)  The DCE system has exceptionally high torque rise over its limiting torque 
curve, which is particularly suitable for vehicle applications, and which other 
system cannot achieve.
2)  Compared with the conventional turbocharged engine, both the DCE and 
VG turbocharged engine can cope better with change in ambient conditions. This 
applies to almost the same extent to the FG DCE due to the ample air supply made 
possible by the epicyclic gear connection.
3)  The programs used throughout are reasonably validated, and proved to be 
very effective and reliable for extensive theoretical investigation —  with great 
economy.
4)  For the laboratory prototype, gearbox loss is very high due to its 
comparatively large gear set.
5)  To take fu ll advantage of the DCE concept, a turbine CVT is highly 
desirable.
8.2 Suggestions for Future Work.
The theoretical investigations have shown that the DCE system has excellent 
characteristics. To realise these goals, the following aspects may be considered 
concerning the laboratory proto-type:
1) Implementation of a turbine CVT. This particularly applies to operating 
conditions at which both turbine and compressor power are very high, therefore the 
efficiency of the turbine can make a great difference to the overall system
- 1 1 2 -
performance.
2)  Attention has to be paid to gearbox loss, particularly to the turbine 
gearbox loss. This means a more appropriately designed gearbox may be required.
3)  To improve the reliability of the experimental data, direct torque 
measurements should be applied to both turbine and compressor.
- 1 1 3 -
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APPENDIX 
BRIEF COMPARISON OF TRANSIENT RESPONSE 
OF VG A N D  FG VERSIONS OF DCE 
BASED ON SIMPLE FUEL STEP AND FIXED OUTPUT SHAFT SPEED
The characteristics of the DCE with fixed and variable geometry turbines have 
been studied (chapter-4 and 5). Under steady state operation, the performance of 
the two schemes is relatively comparable, w ith the VG scheme being marginally 
superior. In the following, a preliminary study is carried out. in an attem pt to 
assess the operation of these two schemes under transient conditions. Again, 
comparison between the two will be made.
For simplicity, only a fuel step is applied (a step change of fuel per 
revolution). In all the cases, the output shaft speed is kept constant (infinite inertia) 
at 440rpm. As fuelling is increased, the engine will accelerate. As engine power 
increases, output torque will increase.
The DCE is a multi-variable system, therefore effort should be made to 
optimise its operation. This is particularly the case with turbine gear ratio and it is 
scheduled so tha t the turbine can work at reasonably high efficiency all the time.
W ith a sudden increase in fuelling, the air/fuel ratio will usually decrease, 
because sufficient air can only be available when the compressor is speeded up and 
boost pressure built up. Under this circumstance, fuel has to be input in a 
controlled manner, if neccessary, to ensure that minimum air/fuel ratio do not 
exceed the allowed limit, in the present case not below 20 .
W ith a fixed nozzle turbine, the computation is relatively straightforward. 
W ith a variable nozzle turbine, the system becomes more flexible. The scheduling of 
the nozzle angle becomes, therefore, significant. In the following, the performance of 
the FG scheme will be taken as the base line, and effects of nozzle angle schedule 
under transient condition are studied.
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In all the cases, the system accelerates from a turbine nozzle angle of 
8 .886deg. which is the nozzle angle of the FG scheme (as used in the previous 
steady state simulations), for easy comparison, with an engine speed of 900rpm and 
engine power of 76kw (corresponding to fprev of about 0.2 7mg). The system starts 
to accelerate w ith a sudden increase of fuel input (fprev of 0.55mg).
A.l Simulation Program
Again, the program is of a quasi-steady nature. In fact, all the subroutines 
used in the steady state simulation program are directly employed. The distinct 
feature of the transient program is the inclusion of the dynamic effects of the 
system. This has two aspects:
a)M echanical Inertia
Under transient conditions, the various components, the engine, compressor 
and output shaft, w ill accelerate or decelerate under the action of unbalanced 
torques, according to the following relation:
J (ds/dt)=T
where J momentum of inertia
d s/d t acceleration 
T net torque
A separate subroutine is incorporated to simulate the mechanism of the 
epicyclic gearbox. Another new subroutine is used to model the road conditions, 
therefore vehicle accelerations can be simulated. Further, the governor controling 
the fuel pump, assumes a first order response.
b)Volume E ffects in  Gas Flow
This particularly refers to the inlet and exhauxt manifold, in which increase 
of pressure entails accumulation of mass (and variation of gas properties).
The program is constructed such that a steady state initial point is obtained at 
first, various compatibilities being achieved by varying the parameter fprev. Then, 
fuelling is increased and the system starts to accelerate, arriving at a new steady 
state operating point.
A.2 Effects of Nozzle Schedule
In this part, the computational results for both the FG and the VG schemes
-A.2-
are presented. For the VG schemes, the nozzle angle is scheduled such that it arrives 
at its initial value, i.e. the nozzle angle of the FG scheme, at the end of the transient. 
Two VG schemes are presented. The results are shown in Fig-l(a.b).
a)FG Scheme
As mentioned earlier, due to the air/fuel ratio limit imposed, at the start of 
the transient, fuelling has to be restricted. This is clearly shown in Fig-la. With 
the FG scheme, the fuelling is controlled such that the lowest air/fuel ratio do not 
decrease to below 20. However, this only lasts for the first 0.2 second of the 
transient and then engine torque reaches its final value(from 810nm to 1724nm. 
Fig-lb). As the engine accelerates(from 900rpm to 1325rpm), the compressor speeds 
up(from  5687rpm to 9748rpm), which is particularly significant due to the 
mechanical link between the engine and compressor. As can be seen, boost ratio 
increases sharply, especially over the first 0.5 second, starting at 2 and reaching the 
final value of apprx. 4 after about 1.5 second. The initial air/fuel ratio is about 34, 
and after a sudden drop it increases quickly to a final value of about 31. It is worth 
noting that, due to the high mass flow rate of the DCE at low output shaft speed, 
the air fuel ratio is very high(34). This means that although fuelling has to be 
restricted at the beginning of the transient, the extent of this restriction can be 
substantially reduced because of the initial ample air. This is particularly reflected 
in the variations of engine torque and power, both increasing quickly (the engine 
gains its fu ll power, from 76kw to 240kw, after about 1 second). Because of the 
fixed nozzle turbine, boost ratio, engine speed and output torque all vary smoothly. 
The system reaches its final steady state after about 1.5 second.
It can also be seen that better performance can be achieved if the engine mass 
flow at the start of the transient could be increased.
b)VG Schemes
W ith the VG turbine scheme, control of nozzle angle can produce this effect, 
i.e. increasing initial air flow through the engine. VG scheme 2 is an extreme case, in 
which, the nozzle angle is scheduled such that boost ratio is raised instantly to 
about its maximum value, hence the trapped air mass in the engine is increased. The 
air/fuel ratio varies similarly. As a result, the period over which the fuelling has to 
be restricted is substantially reduced, to about 0.07sec. This is also reflected in the 
variation of engine torque, which almost instantaneously reaches a very high level 
(maximum about 1800nm). Over the first 0.4 seconds, output torque has greatly
-A.3-
increased over the FG setting. However, this scheme has its own drawbacks. The 
turbine nozzle angle has a very strong influence on the system mass flow rate, 
therefore the compressor and engine speed. Because of severe nozzle restriction over 
a relatively long period of time, although higher boost ratio is obtained, the 
acceleration of the engine (compressor) is constrained, due to the higher torque 
demanded on it. As a consequence, the engine cannot develop its fu ll power quickly, 
despite the relatively high engine torque. After higher initial values, the engine 
speed (compressor speed) and therefore engine power only rise very slowly, and 
their respective values are much lower than those for the FG scheme. This is also 
true for the output torque. In fact the final engine speed (compressor speed), and 
output torque are lower than those for the FG scheme while engine torque, boost 
ratio and air/fuel ratio higher.
In the VG scheme 1, the nozzle angle is scheduled such that the initial 
operation is improved and. at the same time, the negative effects are reduced as far 
as possible. As can be seen, with this scheme, boost ratio response is substantially 
improved over the FG setting, but not as much as for VG scheme 2. The period of 
fuelling restriction is reduced to almost the same level as in scheme 2. Although the 
acceleration of the engine is still inferior to that with the FG scheme, it is 
substantially improved compared w ith scheme 2. In fact, the engine speed reached 
the same final value, and at the same time, as in the FG scheme.
This is also reflected in the variation of various other parameters, such as 
engine power, output torque and compressor speed. Further examination of the 
variation of the output torque shows that the improvement (over the FG scheme) 
over the initial stage can well compensate for the drawback in the subsequent 
period. Further, a reasonable air/fuel ratio in the initial stage is critical. In this 
sense, the VG scheme could be considered somewhat superior to the FG scheme.
Clearly, under transient operation, the VG scheme has a certain advantage 
over the FG scheme, provided that the nozzle angle is properly scheduled. 
Otherwise, a deterioration can result.
A.3 Effects of System Rating
In the previous section, the nozzle angle at the end of the transient is set to 
the same value, i.e. its initial value (nozzle angle of the FG setting) for all cases. 
Obviously, this is not realistic. Usually, the nozzle angle in the FG and VG schemes 
will be different except, probably, at the design points. Further, under steady state
-A.4-
conditions, overall efficiency is the priority whereas, under transient conditions, fast 
response is the chief objective. As declared earlier, in the present investigation, the 
fuel per revolution is held constant (unless restriction is needed due to air/fuel ratio 
limitation). This implies that engine torque is relatively fixed and, therefore, the 
central task will be to achieve a fast acceleration of the engine, and as high an 
engine speed as possible (high power), provided all the limiting conditions are 
satisfied. Further, for the DCE. excessively high engine speed (relative to the steady 
state operation), if achievable, w ill result in high compressor mass flow. This will in 
tu rn  result in a high turbine power, and more significantly, the output torque 
contributed by the turbine will be greatly increased due to the high gear ratio. In 
the following, this aspect of the m atter is studied.
The results for the FG scheme are unchanged and, again, tw o VG schemes are 
presented, being somewhat similar to those in the previous section. The only change 
made is to increase the final nozzle angle to a value of 10.5deg. rather than 
8 .886deg. This allowed the engine to be accelerated to a higher speed, limited by the 
maximum compressor speed of about llOOOrpm. The relevant results are presented 
in Fig-2(a,b).
The initial operation for the VG schemes is very similar to that in the 
previous section. However, because the maximum engine speed is increased 
(1450rpm cf. 1325rpm), the engine can work with a higher power over a 
substantial period(final value of 252kw cf 240kw), which is unobtainable for the 
FG scheme. Over the second half of the transient, the output torque is substantially 
increased (final value of 4070nm cf. 3784nm). Clearly, with the air/fuel ratio being 
controlled under reasonable level, the performance of the VG scheme 1 is improved 
over the entire period in terms of the response of boost ratio, engine 
speed(compressor speed) and power, and hence the output torque. For the VG 
scheme 2 , although there is a certain deterioration over a short period after the 
initial stage, the improvement over the initial and final stages is much greater. 
Generally, for the VG schemes, the final engine torque, boost ratio and air/fuel ratio 
are somewhat lower than those for the FG scheme, but engine power and output 
torque are higher.
Further, in the present investigations, only the transient of the engine system 
over the first 3 seconds is studied. Vehicle acceleration takes longer time, the 
advantage of the VG scheme can be more significant.
-A.5-
A.4 Conclusion
This study shows that due to its greater flexibility over the FG scheme, the 
VG scheme can achieve a marginally better transient response. However, even the 
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